Application No. 10/081,736 DocketNc: BURF-P02-006 

Amendment dated July 3, 2008 

Reply to Ofl&ce Action of January 4, 2008 

REMARKS 

Upon entry of the amendments, claims 13, 16, 32, and 34-46 will constitute the pending 
claims in the present application. Applicants have amended the language of claims 13, 36-37, and 
39 for greater clarity. Applicants have added claim 45. Support for claim 45 may be found, for 
example, in paragraph 0071 of the published application (U.S. Application Publication No. 
20040063627), which reads: "The term "DAPC" refers to "dystrophin-associated protein complex", 
a membrane complex which comprises dystrophin, a- and beta-dystroglycans, and the sarcoglycan 
transmembrane complex" (see FIG. 1), and in paragraph 193 which refers to a "mutated or absent 
DAPC component". Applicants have also added claim 46, which is supported (for instance) in 
Example 10. The amendments are fully supported by the specification, and contain no new matter. 

Applicants respectfully request reconsideration in view of the following remarks. Issues 
raised by the Examiner will be addressed below in the order they appear in the prior Office Action. 

Information Disclosure Statement 

The Examiner stated that she did not consider the EDS filed on October 30, 2007. 
Applicants take this opportunity to inform the Examiner of the related, co-pending applications 
(USSN 10/868,247 and 10/486,678) noted in the filing of October 30, 2007. Specifically, 
Applicants draw the Examiner's attention to the following office actions issued in the above- 
mentioned related applications: 

1 . Notice of Allowance dated September 27, 2007 in association with USSN 

10/868,247; 

2. Office Action dated April 26, 2007 in association with USSN 10/868,247; 

3. Office Action dated November 15, 2006 in association with USSN 1 0/868,247; 

4. Office Action dated December 18, 2006 in association with USSN 10/486,678; 

5. Office Action dated June 13, 2006 in association with USSN 10/486,678. 
Applicants will be happy to provide copies of any of the applications or office actions cited 

above upon request by the Examiner. 
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Claim Objections 

The Examiner has objected to claim 36 as allegedly being improperly dependent on claim 
32. The Examiner takes the position that claim 36, which recites "90% identical to amino acids 38- 
365 of SEQ ID NO: 9" is actually broader in scope than claim 32, which recites "90% identical to 
SEQ JD NO: 9". Applicants respectfully traverse. 

Solely to expedite prosecution of the application, Applicants have amended claims 36-37 to 
correct claim dependency. Accordingly, reconsideration and withdrawal are respectfully requested. 

Claim rejections under 35 U.S.C. $JJ2. second parasraph 

Claims 13,16, 32, and 34-44 are rejected under 35 USC 1 12, second paragraph, as allegedly 
indefinite for failing to particularly point out and distinctly claim the subject matter which applicant 
regards as the invention. Specifically, the Office Action asserts that the term "an abnormal 
dystrophin-associated protein complex (DAPC)" in claim 13 is unclear. In addition, the Examiner 
argues that claim 39 omits essential steps. The Office Action then argues that claims 16, 32, 34-38, 
and 40-44 are indefinite for depending on claim 13 or 39. Applicants respectfully traverse for the 
reasons below. 

Regarding the meaning of "abnormal DAPC" in claim 13, the definition would be clear to 
one of skill in the art based on the specification and the state of the art at the time of filing. 
Paragraph 0070 of the published application reads, "The term "abnormal" is used interchangeably 
herein with "aberrant" and refers to a molecule, or activity with differs from the wild type or normal 
molecule or activity. " Paragraph 0071 reads: "The term "DAPC" refers to "dystrophin-associated 
protein complex", a membrane complex, set forth in FIG. 1, which comprises dystrophin, a- and 
beta-dystroglycans, and the sarcoglycan transmembrane complex." In addition, the specification 
provides examples of abnormal DAPCs. For instance, paragraph 0172 summarizes DAPC 
abnormalities by referring to abnormalities in dystrophin, a DAPC component: "Dystrophin 
abnormalities are responsible for both the milder Becker's Muscular Dystrophy (BMD) and the 
severe Duchenne's Muscular Dystrophy (DMD). In BMD dystrophin is made, but it is abnormal in 
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either size and/or amount." Based on the explicit definitions and examples in the specification, one 
of skill in the art would instantly be able to construe the meaning of claim 13. 

In addition to the information in the specification regarding "abnormal DAPC", the state of 
the art at the time of filing provides extensive guidance by which to interpret the term. Applicants 
concurrently submit three publications, Bonnemann et aL, Matsumura et al, and Ozawa et al 
(referred to as Exhibits A, B, and C respectively), which were published before the priority date of 
the instant application. These three articles show that characteristics of normal DAPC were known 
in the art. The publications also give examples of abnormal DAPC. For example. Exhibit A 
describes aspects of a normal DAPC on page 569 by stating that dystrophin "is a large 
subsarcolemmal rodlike molecule. Dystrophin's N-terminus is involved in binding cytoplasmic 
actin, whereas its C-terminus links to a large oligomeric complex of proteins that copurify with 
dystrophin". Exhibit A also states that the dystroglycan complex and sarcoglycan complex are 
some of these dystrophin-associated proteins (page 570). In addition, Exhibit B describes known 
DAPC abnormalities stating that "all of the DAPs were drastically reduced in the sarcolemma of 
mdx mice" (page 6) and on page 7 that "immunohistochemistry has shown reduced and/or patchy 
dystrophin staining along the sarcolemma, and immunoblot analysis has detected dystrophin of 
abnormal size and/or reduced quantity." Exhibit C adds that mdx mice "have a nonsense point 
mutation in the rod domain of the DMD gene and lack dystrophin" (page 1713), that "sarcoglycan 
complex expression is greatly reduced in DMD" (page 1714) and that "In BMD, the dystrophin rod 
is shorter that normal in most cases (resulting fi-om a deletion of the DMD gene) or longer in others 
(resulting from duplication of the DMD gene)" (page 1714). Given that the idenfity of DAPC 
components were known, that structural information about their interactions was known, and that 
multiple examples of abnormal DAPC were known, one of skill in the art would have no difficulty 
construing the term "abnormal DAPC." 

Tuming now to claim 39, the Office Action argues that "it is not obvious what specific steps 
are intended by the claim to complete the claimed method." Applicants assert that additional steps 
are not necessary in this process claim because it is the specification, not the claims, that teaches 
one of skill in the art how to make and use / practice the claimed invention. One exemplary MuSK 
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activity assay is described in Example 10 in the specification. Applicants have added claim 46, 
which recites a specific MuSK activity assay. 

The Office Action argues that claims 16, 32, 34-38, and 40-44 are indefinite for depending 
on claim 13 or 39. Applicants believe, based on the reasoning above, that claims 13 and 39 are 
definite. Claims depending therefi-om are therefore definite as well. 

In light of the remarks above, reconsideration and withdrawal of this rejection is respectfiiUy 
requested. 

Claim rejections under 35 U.S.C. $ 102(h) 

Claims 13, 16, 32, and 34-44 are rejected under 35 U.S.C. §102(b) as allegedly being 
anticipated by Ruoslahti et al, US Patent No. 5,654,270. The Office Action states that Ruoslahti 
describes administering biglycan to wounded muscular tissue. The Examiner takes the position that 
the phrase "wherein the cell has an abnormal dystrophin-associated protein complex (DAPC)" 
encompasses cells in a wounded tissue. This broad reading of the term "abnormal DAPC" is based 
on the current indefiniteness rejection. Applicants respectfiiUy traverse the rejection. Specifically, 
Applicants believe that the remarks in the previous section of the Response obviate the 
indefiniteness rejection. Accordingly, "wherein the cell has an abnormal dystrophin-associated 
protein complex (DAPC)" encompasses, for example, mutations in DAPC components, but 
excludes tissue that is merely wounded. 

The Examiner has not stated why she beUeves that a wounded tissue has abnormal DAPC. 
To create a prima facie case of obviousness, the Examiner must show clear and convincing 
reasoning why a wound is expected to inherently have abnormal DAPC. It is established that 
"Inherency, however, may not be established by probabilities or possibilities. The mere fact that a 
certain thing may result from a given set of circumstances is not sufficient." Confl Can Co. USA, 
Inc. V. Monsanto Co., 948 F.2d 1264, 1269, 20 USPQ2d 1746, 1749 (Fed. Cir. 1991) (emphasis in 
original). Indeed, it is difficult to imagine how a physical wound could cause a mutation in a DAPC 
component, or cause down-regulation of a DAPC component. 
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Since Ruoslahti does not teach administration of a biglycan therapeutic to a cell with 
abnormal DAPC, Applicants believe that withdrawal of the 102(b) rejection is appropriate. 
Applicants respectfully request reconsideration and withdrawal of the rejection. 

Double Patenting Rejection 

Claim 44 was rejected on the basis of alleged obviousness-type double patenting over claims 
1-14 of U.S. Patent No. 6,864,236. Without conceding that the pending claims necessarily fully 
encompass the claims of the 736 patent, AppUcants request that the Examiner hold the rejections 
made under the judicially created doctrine of obviousness-type double patenting in abeyance until 
otherwise allowable subject matter is identified in the instant application. Once allowable subject 
matter has been identified, Applicants will evaluate the fiHng of a terminal disclaimer or providing 
arguments in view of the claims pending at that time. 



In view of the above remarks. Applicants believe the pending application is in condition for 
allowance. 

Applicants believe no fee is due with this response other than those indicated on the 
accompanying transmittal. However, if a fee is due, please charge our Deposit Account No. 18- 
1945, under Order No. BURF-P02-006 from which the undersigned is authorized to draw. 



CONCLUSION 




Respectfully submitted. 




Registration No.: 54,144 



ROPES & GRAY LLP 
One Intemational Place 



Boston, Massachusetts 02110 



(617) 951-7000 



(617) 951-7050 (Fax) 



Attorneys/Agents For Applicant 
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Beyond dystrophin: current progress in tlie muscular dystrophies 

Carsten G. Bonnemann, MD*+, Elizabeth M. McNally, MD, PhD*, and 
Louis M. Kunkel, MD, PhD* 



Major advances In the genetic understanding of the fimb-girdle 
(LGMD) and congenital (CMD) nr)uscular dystrophies have ted 
to a new, geheticaliy based ciassification of these disorders. 
The definition of the complex of dystrophin-associated proteins 
on a biochemical and subsequently genetic level has greatly 
accelerated this progress by providing candidate genes to 
complement or replace the process of linkage analysis either In 
famines with muscular dystrophy or in sporadic cases. The 
major components of the dystrophin-associated proteins now . 
known to be involved in muscular dystrophy besides 
dystrophin itself are the sarcoglycan complex and the oc2-chain 
(merosin) of laminin-2 in the extracellular matrix. Mutations in 
the various sarcoglycans account for four types of autosomal 
recessive LGMD of varying severity (types 2C through 2F), 
including severe childhood-onset presentations. One type of 
autosomal recessive LGMD (type 2A) is caused by mutations 
in the protease calpain-3, whereas the gene for type 2B has 
not yet been identified, although the responsible locus has 
been assigned to chromosome 2p1 3. There are different 
autosomal dominant forms as well, one of which has been 
mapped to chromosome 5q31 . With regard to CMDs. the 
major breakthrough involves a type of "classic*' CMD with 
abnormalities of the white matter on magnetic resonance 
imaging of the brain. These patients show deficiencies of the 
laminin a2'chain, and mutations in the con'esponding gene 
have been identified. The group of laminin a2-chain-positive 
classic CMD likely is heterogeneous. Among the group of 
CMDs vtrith abnormalities of brain formation and mental retar- 
dation, genetic, immunohistochemical, and clinical differences 
are now beginning to emerge to help in the distinction 
between Fukuyama muscular dystrophy, the Walker-Wariaurg 
syndrome, and muscle-eye-brain disease. 



*Divl8bn of Genetics end Howard Hughes Medical Institute, and ^Department of 
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BMD Becker muscular dystrophy 
CK creatine kinase 
CMD congenital muscular dystrophy 
CNS central nervous system 
DMD Duchanne muscular dystrophy 
LGMD limb-oirdle muscular (^trophy 
MRI magnetic resonance Imaging 

SCARMD severe chOdhood autosomal recessive muscular dysUophy 
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Progress in die generic definidon of muscular dysaophies 
has been driven mainly by two major approaches. One 
approach is purely genetic, starting with the establish- 
ment of genetic linkage to anonymous DNA polymor- 
phisms in the human genome. The identification of 
candidate genes for muscular dystrophy is what consti- 
tute the second major approach, which complements the 
firsL Here the niain focus has been on the biochemical, 
and subsequently genetic, characterization of proteins 
associating and interacting with dystrophin, the first 
protein found to be mutated in a human muscular dystro- 
phy. This field of study started with the discovery that 
dystrophin was associated with a complex of glycoproteins 
anchoring it to the sarcolemma [1-3], immediately raising 
quesdons about the potendal involvement of these glyco- 
proteins in muscular dystrophies. 

Muscular dystrophies are typically progressive disorders 
mainly of striated muscle that lead to breakdown of 
muscle integrity. The histologic picture shows variation 
in fiber size, muscle cell necrosis and regeneration, and 
often proliferation of connective and adipose tissue. 
Although there is a wide variety of clinical types and 
variations, several larger groups of muscular dystrophies 
can be identified (Table 1). This review concentrates on 
the autosomal limb-girdle muscular dystrophies 
(LGMDs) and the congenital muscular dystrophies 
(CMDs), because the entiries in these two broad groups 
both exemplify the importance of the dystrophin-associ- 
ated proteins in the development of muscular dystrophy 
and underiine the importance of careful genetic analysis 
of families that have what looks like a fairly homoge- 
neous clinical spectrum. Duchenne (DMD) and Becker 
(BMD) muscular dystrophies, although clearly related to 
the disorders discussed here, will not be addressed in 
this update. Because this review often draws rather 
extensively on the concept of dystrophin-associated 
proteins, we briefly introduce the current concepts 
about the biochemical organization of this complex of 
proteins. 

The complex of dystrophin-associated 
proteins 

Dystrophin, the protein product of the gene mutated in 
DMD and BMD, is a large subsarcolemmal rodlike mole- 
cule [4]. Dystrophin's N-terminus is involved in binding 
cytoplasmic acrin, whereas its C-terminus links to a large 
oligomeric complex of proteins that copurify with 
dystrophin in wheat-germ agglutinin-affinity purified 
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Table 1 



The major muscular dystrophies* 



Congenital muscular dystropHea (see Jable 2) 

Classic or pure congenital muscular dyslropWea 

Congenital muscular diystrophias with structural centra! nenfoua system 
anomaGes Bird mental retardaibn 
Umb-girdle muscular dystrophies (sea Table 2) 

Duchenne and Becker muscular dystrophias (XR, Xp21) 

Autosomal dominant forms 

Auloaomal iBcesslve forms 
Distal muscular dystrophies 

Miyoshi (AR, 2p21 . may be identical wfth Umb-girdle muscular dystrophy 2B) 

Welander(AD} 

Nonaka(AR} 

Tibial (Udd)(AO] 
Belhlsm myopathy (AO, 21 q2Z3, 2q37) 

EmeiyDreHuss muscular dystrophy OCR. Xq28 plus autosomal locua/locD 
Fedo^oapulohumeral dystrophy (AD, 4q35, phis other autosomal tocus/locO 
Oculophaiyngeal muscular dystrophy (AD, 14q11.2-q13, plus other bcua/locO 
Myotonio ^trophy (AD, 1 0ql 3^) ■ 



This table is not meant to be comprehensive. Rather It provides context for the . 
disoideis discussed in this review. Mode of inheritance and genetic location, 
when known, are given In parentheses. AD-fiutosomal dominant; AR-aut08omal 
racasaive: XR-X-linked raceashfe. 

skeletal muscle membrane preparations (Fig. 1) [2,3,5]. 
(For a recent review on dystrophin and its domains and 
isoforms, see Sadoulec-Pucchio and Kunkel [6«I). Several 
subgroups among these dystrophin-associaied proteins 
can be differentiated (Fig. 1). The first of these is the 
dystroglycan complex [7]. P-Dystrogiycan (43 kD molecu- 
lar weight) is a transmembrane protein that binds to the 
C-terminal cysteine-rich region of dystrophin within the 
cell and to a-dystroglycan (156 kD) at the extracellular 
site. a-Dystroglycan itself binds to the extracellular 
matrix component laminin-2 (more precisely the laminin 
oe2-chain of this heterotrimer) [8], thus completing a link 
from the cytoskeleton to the extracellular matrix. The 
second group has been named die sarcoglycan complex, 
after it was shown that its members could be separated 
from the other proteins by using special detergent condi- 
tions [9]. This complex is composed of a-sarcoglycan 
.(50 kD molecular weight, formerly known as adhalin), 
P-sarcoglycan (43 kD), y-sarcoglycan (35 kD), and likely 
also the newly indentified S-sarcoglycan (35 kD) 
[10«,11»1. The biological function of this complex is 
currently unknown. However, its pivotal role in maintain- 
ing muscle cell integrity is emphasized by the fact that 
mutations in any one of the known sarcoglycans can cause 
muscular dystrophy [12»»]. A hydrophobic protein of 
25 kD also copurifies with dystrophin and may be identi- 
cal with muscle caveolin [13], although this component is 
probably heterogeneous. A number of intracellular 
proteins constitute a third group, which contains the 
syntrophins (59 kD) that directly bind to the G-terminiis 
of dystrophin. Also intracellular is dystrobrevin, a 
dystrophin relative as well as a dystrophin-associated 
protein that also has a subsarcolemmal localization and 
links to dystrophin and to the syntrophins [14J. (For a 



recent review about the dystrophin-associated proteins, 
see Tinsley aaL [IS] and Ozawaeta/. [16*]). 

As mentioned earlier, the dystroglycan complex connects 
to laminin-2, a heterotrimer of the extracellular space. 
Laminin-2 is fairly specific for skeletal muscle, cardiac 
muscle, and peripheral nerve but can also be found in the 
brain. It is composed of a laminin a2-chain (formerly 
known as merosin, or M-chain), complexed with pi- and 
yl-chains. In addition to providing a structural link to 
other components of the basal membrane, laminins also 
play a role in cell adhesion and possibly cell migration, as 
well as axon guidance and outgrowth [17]. 

Limb-gfrdle muscular dystrophies 

A profound redefinition of classification systems has 
taken place in the LGMDs as a result of advances in the 
genetic and biocheinical understanding of these disordeis 
(Table 2). The diagnostic criteria for LGMDs have been 
summarized by Bushby [18] for a European Neuro- 
muscular Centre-sponsored working group on LGMDs. 
She provides both inclusion and exclusion criteria to sepa- 
rate this group of disorders clinically from other neuro- 
muscular conditions that present with weakness in a limb- 
girdle distribution. The proposed criteria consist of 
predominantly proximal weakness affecting the pelvic 
and shoulder girdles as well as weakness of the muscles of 
the trunk, with more distal weakness mostly not occurring 
until later in the disease progression. The facial muscles 
are usually spared or only minimally involved, and 
extraocular muscles are completely spared. Grearine 
kinase (CK) activity in the serum can be normal or mildly 
to grossly elevated, electrophysiologic studies are 
myopathic, and muscle biopsy reveals myopathic to 
frankly dystrophic features. The exclusion of other condi- 
tions such as disorders of the lower motor neuron and 
peripheral nerve, as well as inflammatory, metabolic, 
mitochondrial, structural, or congenital myopathies, is 
essential. 

Clinically this group of disorders is uniformly progressive, 
although there is remarkable variability with respect to 
age of onset and rate of progression within the group as a 
whole as well as within a single genetically defined entity. 
DMD and BMD would certainly conform with these 
criteria and indeed could be classified as X-linked 
LGMD, although for historical reasons this terminology 
has not been adopted. 

Hie autosomal LGMDs may be classified in two comple- 
mentary ways: by mode of inheritance and by status of 
the sarcoglycan complex. The new nomenclature for 
LGMDs outlined by Bushby and Beckmann [19»] follows 
the pattern of inheritance. The autosomal dominant forms 
are designated as LGMD type 1 and the autosomal reces- 
sive forms as type 2, both with additional lettering follow- 
ing the chronology of the genetic definition («?, establish- 
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ment of a genecic map position) of the particular subtype. 
We will follow this proposed nomenclature. In this 
system, DMD and HMD could conceivably be designated 
asLGMDX. 

Aulosomal recessive limb-glrdle muscular dystrophies 

In general, the recessive LGMDs tend to have an earlier 
onset and follow a more severe clinical course than the 
autosomal dominant forms. However, there is substantial 
variability of clinical severity within the group as a whole as 
well as within several of its separate endues. It has become 
clear, for example, that severe childhood autosomal reces- 
sive muscular dystrophy (SCARMD) and DMD are not 
diseases separate in principle from milder manifestations, 
but that both degrees of severity can occur as a spectrum 
within the same genetic entity. This is a situation not 
unlike the realization that'DMD and HMD were caused by 
mutauons within the same gene.'It has been estimated that 
even before dystrophin stijdies are done, about 8% to 12% 
of "sporadic" Ue, without a family history) male patients 
with LGMD will have a recessive LGMD [20,21]. 

Limb-girdle muscular dystrophy 2A 
Limthgirdle muscular dystrophy 2A was the first autoso- 
mal LGMD to be put on the genetic map. Extensively 
studied in a small community in Rj6union Island off 
Madagascar [22*], the onset is usually at around 10 years 
of age, followed by a slowly progressive deterioration 



leading to loss of ambulation at about 20 years of age. 
Earlier onset of symptoms correlates with more rapid 
disease progression and vice versa. Linkage of LGMD 2A 
to chromosome '15q was first established in this commu- 
nity [23] and subsequently confirmed and extended in 
Brazilian [24] and in North American Indiana Amish [25] 
families. The genetic region was subsequently nanowed 
[25], and a cDNA corresponding to the gene for the 
muscle-specific neutral calcium-dependent protease 
calpain-3 was identified in the critical interval [26]. 

Mutadons in this gene were detected in affected individu- 
als and found to segregate with the disease [27«*]. The 
mutations included nonsense (associated with a more 
severe phcnorype) and missense mutations. How muta- 
tions in this protease cause muscular dystrophy is an open 
question at present, although they appear to implicate 
dysregulation of (regulatory) proteolysis in the muscle cell. 

Elucidating the physiologic role of calpain-3 will be 
extremely important, and the recent finding of an associa- 
tion of calpain-3 with connectin (titin) in the muscle cell 
is an important step into that direction (28*]. Dystrophin 
and the sarcoglycan complex are mostly normal by 
immunohistochemical analysis- in this disorder [29*]. 
Although the genetic isolation of the Reunion community 
and genealogic evidence for inbreeding within the 
community would seem to favor the segregation of a 
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Table 2 



Cb88Hicath>i\ genetio tod, gene produde, and iinmunoMstochefnietly 



ImmunoMstochemistiy for 



Deslgnalion 



Qenotic locus 



Protein product 



Dystrophin 



Sarcogiycan 



La]iiIruiHz2 chain 



LGMDa 
X-chromosomal rBcassrva 

Duchenno and Backer muscular dystropiea Xp21 
Autosomal dominant 
tGMD lA 

LGMD1B 1q11-21 
LGMD1C 

Autosomal recessive 
LGMD2A 16ql5 

LGMD2C 13q12 
LGMD2D ^7q21 
LGMD2E 

LGMD2F Bq33.34 
LGMD2G 
Congenitel muscular dystrophlea 
QassioCMDs 
Laminki o2-chain-p08ilive 

Umlnfr* 0t2-chaln-<j8fl.cient 6q22-23 
CMO with centra] nervous system abnonnalities 
Fukuyama rmiscular dystrophies 8q31 -33 

WaUw-Warburg syndrome " 
Mu8c!a-6y8*brain disease 



Dystrophin 



Calpalna 

•fSarcoglycan 
a«Sarcoglycan 
p*Sarcog^ean 
S'Sarcogfycan 



LAminina2-chain 



negtoi4 

d 
nt 

nl 

nl 

nltoi 
nlto(i) 
nltoi 
nltoi 



nl 
nl 

nl 
nl 
nl 



itoU 

nl 

nl 

nl 
nl 

nee to var 444- 
negtovariii 
nestovar444' 
nag to var 444 



nl 
nl 



nl 
nl 

nl 
nl 
nl 
nl 
nl 
nl 



nl 

nagtoiU 



itoU 



-(4-(ora*6aicoglycan} nl 
n) i 



The indications about immunohtstochemlcal changes should serve as orientation only and can vaiy from case to case. 
CMD-oongenital muaoular dystrophy; LGMD-Umb-girdle muscular dystrophy; neg-negative; nl-norm.al; var-vailablB. 



single mucacion arising from a founder effect, a number of 
distinct mutations and haplotypes were seen. This 
phenomenon has yet to be explained fully. A digenic 
model of inheritance, that is, the existence of a second, 
modifying gene locus, has been postulated [27 ••,30]. In 
the Northern Indiana Amisjh families, a single mutation 
following classic autosomal recessive inheritance has been 
identified [31]. 

Limb-girdle muscular dystrophy 2B 
In this autosomal recessive LGMD, genetic linkage has 
been established to chromosome 2pl3 in Palestinian and 
Italian families [32] as well as in Brazilian pedigrees [33]. 
Within the group of autosomal recessive LGMDs, the 
phenotype is on the mild end of the spectrum, with age of 
onset usually after 15 years and relatively slow progres- 
sion, although exceptions with more rapid deterioration, 
do exist and marked intrafamiiial variability has also been 
seen [32-34,35«]. The CK levels are usually extremely 
elevated (in the ten thousands). The effort to identify the 
responsible gene currently has narrowed down the critical 
region to 400 to 600 kb [36,37]. In this type of LGMD, 
similar to type 2A, dystrophin and the sarcogiycan 
complex are normal by immunohistochemistry [29»] (K, 
Bushby, Personal communication). 

A clinically quite different appearing disorder, Miyoshi 
myopathy, usually is classified as a distal muscular dystro- 



phy, in which symptoms start distally in the legs with the 
inability to stand on toes because of weakness in the 
gastrocnemius muscle. This recessive dystrophy has 
recently been mapped to the same region on chromosome 
2 where LGMD 2B resides [38«]. It is notable that later in 
Miyoshi myopathy, there is involvement of proximal 
muscles also. In LGMD 2B, on the other hand, diere is 
evidence for early involvement of the gastrocnemius 
muscle, especially via CT of the muscle [35»]/Therefore, 
there appears to be the disdnct possibility that these two 
phenotypically different myopathies are allelic (w, caused 
by different muutions within the same gene). The vari- 
abilty discussed in the LGMDs usually reflects differ- 
ences in the age of onset and the rapidity of progression, 
but not in the distribuoon of the weakness, so that such a 
fmding would add an additional dimension to the genet- 
ics of LGMDs. 

Sarcoglycan-deflcient autosomal recessive llmb-glrdle 
muscular dystrophies 

Four autosomal recessive LGMDs (types 2G through 2F) 
are caused by mutations in members of the sarcogiycan 
complex. An intriguing fmding that emerged from the 
an^ysis of these disorders is the apparent interdependent 
nature of the sarcogiycan proteins. Even before the first 
mutations in the sarcoglycans were described, it had been 
observed that there were patients with LGMD who 
showed a selective absence of the sarcogiycan complex by 



Beyond dystrophin: cunont pragress In the muscular dystrophies Bannemann et aL 573 



immunohiscochcmisciy on muscle [39]. It is now clear chac 
mutations in any one of the four Icnown members lead to 
more or less pronounced secondary deficiencies of the 
other components of the complex, indicating the impor- 
tance of the integrity of the entire complex for the 
prevention of muscle ceil degeneration. 

As mentioned earlier, the exact biological function of the 
sarcogiycan complex is not yet known. There are certain 
structural similarities between the four known members 
of the complex that may also indicate that these mole- 
cules are related functionally. All have a single transmem- 
brane domain and extracellular glycosylation consensus 
sites as well as intracellular consensus sites for serine or 
threonine phosphorylation in three. All four have clusters 
of extracellular cysteine residues, whicli form a peculiar 
partial epidermal growth factor-like module in p-, y- and 
5-sarcdglycan. There is some biochemical evidence for 
actual physical interaction between the components of 
the complex [9,40], but it is not known how this is medi- 
ated, a-, and 5-sarcoglycan are expressed exclusively in 
muscle, whereas P-sarcoglycan has a more widespread 
expression, including the brain and kidneys [41,42**]. 

Certain clinical features appear to be common to the 
group of autosomal recessive sarcoglycan-deficient 
LGMDs: taken as a group, the clinical involvement and 
progression tend to be more severe than in both the auto- 
somal dominant and the sarcoglycan-positive autosomal 
recessive types 2A and 2B LGMDs. However, as will be 
discussed in the following section, there is mariced clinical 
variability within this group and within its separate 
genetic entities. Early in the course of the disease, there 
are often dramatic increases in CK values, although these 
can decline considerably with disease progression. In 
addition, calf hypertrophy is often prominent in the 
phases of early disease progression but less pronounced 
after loss of ambulation. Mental development appears 
normal and no higher incidence of mental retardation has 
become apparent (in contrast to DMD), although the 
number of identified patients is still small. 

Cardiac involvement does not appear to be clinically 
evident in most cases but clearly requires close attention. 
Fadic et aL [43] described a patient with prominent 
cardiomyopathy leading to cardiac failure and cardiac 
transplantation in whom a-sarcoglycan was found to be 
deficient by inrununohistochemistry in heart and skeletal 
muscle, but a primary mutation in a sarcogiycan gene was 
not reported. For addressing this problem, an important 
animal model is provided by the cardiomyopathic and 
dystrophic hamster BIO 14.6, which is completely defi- 
cient for sarcogiycan in heart and skeletal muscle by 
immunohistochemistry [44]. Mutations in a-sarcoglycan 
[45] and inp- and y-sarcoglycan [46] have been excluded 
in this hamster, but 5-sarcoglycan has not yet been ruled 
out. 



Limb-girdle muscular dystrophy 2C 

In 1983, Ben Hamida era/, [47] described an autosomal 
recessive muscular dystrophy prevalent in Tunisia 
resembling DMD in severity. Although this disorder 
has been referred to as SCARMD, this is somewhat of a 
misnomer because there can be marked variability in 
clinical severity even within the same family, with some 
patients showing later onset or slower progression. 
Abnormalities of immunostaining for the 50-kD a- 
sarcogiycan were shown in some patients [48], suggest- 
ing an alteration of the sarcogiycan complex in this 
disorder. 

Linkage to chromosome 13ql2 [49] was established in 
Tunisian. Algerian [50], and other northern African fami- 
lies [51]. Recently, the y-sarcoglycan cDNA was cloned 
and mapped to this critical region on chromosome 13 
[SZ^^], In all 13ql2-linked Tunisian families tested the 
same deletion of a single thymidine was found [52«*]- 
This homogeneity had been expected given the existence 
of strong linkage disequilibrium within this population, a 
reflection of the degree of inbreeding. The mutation 
causes a frameshift leading to a premature translational 
termination codon and predicts a truncated protein. 
Meanwhile, it has become clear that y^arcoglycan muta- 
tions occur worldwide [52»»,53,54]. Interestingly, in 
Brazilian families carrying the same deletion on the same 
haplotype that was described in the North African 
patients, marked variation in severity was seen between 
families, suggesting the existence of a modifying locus 
[54]. Jung et aL [40] have subsequently also shown the 
absence of y-sarcoglycan protein with severely reduced a- 
and P-sarcoglycan by Western blot analysis in North 
African patients. 

Limb-girdle muscular dystrophy 2D 
Missense mutations in a-sarcoglycan (formeriy known as 
adhalih) were the first demonstrated mutations in a 
dystrophin-associated protein causing muscular dystro- 
phy. These mutations were shown in a family with 
genetic linkage of the disease to the a-sarcoglycan gene 
on chromosome 17 [55]. Subsequently, mutations in a- 
sarcoglycan have been reported from a number of differ- 
ent groups [56»,57-601. Again there is wide variability in 
the clinical severity, with a tendency for a larger number 
of milder cases, when compared with the other sarcogiy- 
can disorders. In a-sarcoglycan there is a trend for 
missense mutations to cause a relatively mildeir pheno- 
type when compared with nonsense and truncaung muta- 
tions [56*,58-60], although exceptions to this rule do 
occur, as in one of the cases reported by Kawai et aL [57]. 
The missense mutation Arg77Cys is the single most 
frequent mutarion in this group [55,56«,59], independent 
of ethnic background. LGMD 2D may be the most 
common of the known sarcoglycan-deficient LGMDs 
[61], although the experience of more centers needs to be 
pooled to allow for such an assessment. A potential ascer- 
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tainment bias may exist as a result of the use of the 
commercially available anti-0(-sarcoglycan antibody as the 
screening tool. 

Limb-girdle muscular dystrophy 2E 
Mutations in the P-sarcoglycan gene were discovered by 
two independent approaches. Cloning of the P-sarcogly- 
can cDNA allowed mapping of the gene to chromosome 
4ql2 [4l,42«»], a location to which no muscular dystrophy 
had yci been mapped. In one approach, screening of 
patients with unexplained muscular dystrophy and normal 
dystrophin resulted in the identification of a young girl 
with the onset of limb-girdle weakness at 3 years of age 
who had truncating mutations on both of her P-sarcogly- 
can gene alleles [41]. The second approach was based on 
the discovery by linkage analysis that in the Indiana 
Amish community there was a second genomic locus, in 
addition to LGMD 2A, responsible for muscular dystro- 
phy [62]. Linkage to chromosome 4ql2 was established 
and a homozygous missense mutation identified in P- 
sarcoglycan, causing a phenotype of intermediate but vari- 
able severity (42»»]. 

More mutations have now been identiHed in different 
populations [61,63]. In addition to the truncating muta- 
tions causing a severe phenotype with early onset and a 
DMD-like progression, there appears tO be a higher 
propordon of missense mutations in P-sarcoglycan causing 
an equally severe phenotype. Although P-sarcoglycan is 
the only sarcoglycan that is expressed in dssues outside of 
muscle, including the brain and kidney [41,42»»], there is 
no indication for dysfunction of extramuscular organs in 
the patients indencificd so far. It should be noted that the 
expression of the other sarcoglycan proteins is restricted 
to muscle, so that the sarcoglycan complex as such only 
exists in muscle. 

Limb-girdle muscular dystrophy 2F 

This is the latest addition to the family of sarcoglycan- 
deficient muscular dystrophies. In Brazil, several large 
families with autosomal recessive LGMD had been very 
carefully analyzed genetically with all the hitherto known 
genetic markers for the different types of LGMD. In the 
course of this analysis a new genetic location on chromo- 
some 5q33-34 was identified in two families with a severe 
phenotype and total sarcoglycan deficiency on the muscle 
biopsy (64*]. Simultaneously, Nigro etal [10*] identified 
a new member of the sarcoglycan protein family. By data- 
base homology searches with the y-sarcoglycan sequence, 
these workers discovered a partial expressed sequence tag 
corresponding to a novel 35-kD protein, 5-sarcoglycan, 
mapping to the same region on chromosome 5 as the two 
families from Brazil. A homozygous missense mutation 
was discovered in 8-sarcoglycan in the Brazilian families 
[65»»], confirming their status as a sarcoglycan disorder. 
The existence of 5-sarcoglycan was confirmed subse- 
quendy by a second group [1 1«]. 



Other autosomal recesswe limb-yirdle muscular dystrophies 
By excluding all known genetic locations for autosomal 
recessive LGMD, Passos-Bucno tf/ aL [64»1 have shown 
that there is at least one more locus for autosomal reces- 
sive LGMD — a sarcoglycan-positive type with a severe 
phenotype. Preliminary screening experience of a-sarco- 
glycan-defident muscle biopsies for mutations in a-, p-, 
or y-sarcoglycan, but not 5-sarcog)ycan, is available [61]. 
In Hoffmann efa/.^s [61] study, only 52% m their ot-sarco- 
glycan-deficient sample could be accounted for by a-, 
or y-sarcoglycan gene mutations. Unless the remaining 
cases are accounted for by 5-sarcoglycan mutations, this 
could indicate that there may be other genes causing 
sarcoglycan-deflcient LGMD. 

Autosomal dominant limb-glrdle muscular dystrophies 

Umb-girdle muscular dystrophy 1A 
Limb-girdle muscular dystrophy lA was genetically 
defined by linkage analysis [66,67] to a 7-cM interval on 
chromosome Sq31 in a large family with LGMD [68]. 
Clinically, the onset of symptoms is in young adulthood, 
and the disease progression is slow, with loss of ambula- 
tion only very late in the course of the ciisease in some 
members of the family. A curious and potentially specific 
finding of a subgroup of affected members in this family 
was dysarthria probably resulting from palatal weakness, 
which occurred even before the onset of frank limb-girdle 
weakness. The known dystrophin-associated proteins are 
normal by immunohistochemistry in this disorder 
(Bdnnemann ef a/,, Unpublished observations). The 
responsible gene has not yet been isolated, although a 
positional cloning effort is under way. 

Other autosomal dominant limb-girdle muscular dystrophies 
The existence of additional loci for autosomal dominant 
LGMD has become clear. Speer er al, [69] demonstrated 
that three additional families with autosomal dominant 
LGMD were not linked genetically to the LGMD lA 
locus on chromosome 5q31. These families did not have 
dysarthria or prominent cardiac symptoms. Several fami- 
lies with a combination of prominent cardiomyopathy and 
LGMD had been reported over the years. More recently, 
three families with a distinct combination of LGMD 
followed by a cardiomyopathy presenting with dysrhyth- 
mias and atrioventricular conduction block as well as 
dilated cardiomyopathy later in the course were rcponcd 
as a clinically homogeneous group [70]. This autosomal 
dominant LGMD with cardiomyopathy has now been 
genetically assigned to chromosome lqll-21 and should 
be designated as LGMD IB (van der Kooi et aL, 
Unpublished data.) 

Bethlem myopathy is an autosomal dominant proximal 
myopathy of early onset, very slow progression, and eariy 
occunence of multiple contractures. Clinically it is thus 
related to the LGMDs but has a characteristic phenotype. 
This condition has recently been mapped to chromo- 
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somes 21q22.3 [71] and 2q37 [72], to which regions differ- 
ent subunit genes of type VI collagen map. Mutations in 
two of the subunits (C0L6A1 and COL6A2) were just 
confirmed for the 21q22.3 locus (73«*]. These findings 
also extend the pathophysiologic chain of events now into 
the connective tissue around the muscle cell. 

Evaluation and diagnods of llmb-glrdle muscular 
dystrophies 

The evaluadon of patients who conform to the criteria' for 
an LGMD must take into account the great genetic 
heterogeneity underlying the phenotype. Arriving at a 
specific genetic diagnosis may not change the manage- 
ment of the affected individual short of raising hopes for 
some form of gene therapy in the future, but it does 
provide a sound basis for genetic counseling as well as the 
prospect of a prenatal diagnosis in selected families. 
There are currently very few purely clinical clues to guide 
in the diagnosis. As oudined earlier, the degree of severity 
and the age of onset can provide rough guides as to 
whether one is dealing with a dominant or recessive form 
when confronted with a sporadic patient However, the 
broad clinical variability, especially of the recessive vari- 
ants, must be taken into account. Among the recessive 
group, there now is evidence for a more characteristic 
pattern of muscle involvement in LGMD 2A [22»] and 
2B [35«1, the recognition of which may be aided by 
muscle imaging, especially early in the disease. CK levels 
may be helpful in the active state of the disease, when 
normal values make a disorder of the sarcoglycan complex 
less likely, but can be deceptively low later in the course. 
The same can be said about calf hypertrophy. When the 
family history is informative, the mode of inheritance may 
become clear, allowing differentiation between autosomal 
dominant, recessive, orX-linkcd forms. 

Analysis of a muscle biopsy specimen is crucial in every 
patient, except for males with clear dystrophin gene 
mutations on DNA analysis. (Dystrophin DNA analysis 
for deletions should probably be done in every male 
patient with LGMD.) Given the grave implications of a 
diagnosis of DMD, some clinicians prefer to perform a 
muscle biopsy even when the DNA analysis is positive for 
a deletion in order to confirm the diagnosis by an inde- 
pendent means. The biopsy should be examined by stan- 
dard light microscopy for change compatible with muscu- 
lar dystrophy and then by immunohistochemistry with 
antibodies against dystrophin and the various sarcogly- 
cans. For the following statements one should bear in 
mind that inununofluorescence analysis of muscle biopsy 
sections is not quantitative but allows for only rough 
impressions about amounts of immunoreactivity. 
Antibodies are only commercially available at the moment 
for a- and T^sarcoglycan. 

In the case of biopsies in which there is total absence of 
dystrophin on immunohistochemistry (and Western blot 



analysis), a diagnosis of DMD can be made. However, in 
cases in which there appears to be diminished dystrophin 
staining, the differential diagnosis must include both 
BMD and disorders of the sarcoglycan complex, because 
secondary reduction of dystrophin on immunohistochem- 
istry has been seen in a number of patients with primary 
saroo^ycan disorders [29«]. Therefore, dystrophin analy- 
sis by Western blotting should be done in all cases with 
abnormalities of dystrophin immunofluorescence. A 
dystrophin molecule of abnormal molecular mass confirms 
a diagnosis of BMD, However, a dystrophin molecule of 
normal molecular mass but severely reduced quantity 
could still be compatible with the diagnosis of BMD, 
because mutations in the promoter of the dystrophin gene 
affecting the quantity of dystrophin produced or missense 
mutations affecting the stability of the protein are 
conceivable. 

If dystrophin and the sarcoglycans are present at the 
sarcolemma in normal amounts, the disorder in all likeli- 
hood does not involve the sarcoglycan genes. In informa- 
tive families, inclusion or exclusion of the known genetic 
loci can be attempted or direct mutation analysis in the 
calpain-3 gene can be undertaken for LGMD 2A. 
CaIpain-3 antibodies are not yet available, so it is not 
known whether calpain immunostaining is abnormal in 
these patients. 

If the sarcoglycans are deficient, relative intensities of 
immunolabelling may be significant [29«]. In cases in 
which one of the sarcoglycans is completely absent while 
the other components show diminished staining, the subse- 
quent genetic analysis for mutations in the different sarco- 
^ycan genes might be predicated on the assumption that 
the completely absent component points to the mutated 
gene. Such an approach would be signtficandy reinforced 
by Western blot analysis for the sarcoglycans [74]. 

Most of the screening for disorders has been done 
through the use of the anti-a-sarcoglycan antibody 
[60,61,75,76], so that most experience has accumulated 
with this antibody. However, it may be necessary to use at 
least both anti-a- and anti-^sarcoglycan antibodies in the 
immunohisiochemical analysis, because y-sarcoglycan 
mutations may cause only mild reductions in Orsarcogly- 
can inununostaining but with a much clearer reduction in 
y-sarcoglycan [29«], More often, however, the pattern 
obtained by immunohistochemistry is either a complete 
absence of the entire complex or diffusely diminished 
staining for all the components and is not helpful. In 
these cases mutation analysis for all sarcoglycan genes 
must be performed in order to arrive at a specific diagno- 
sis. It seems, however, that especially in cases with partial 
deficiencies a mutation in one of the sarcoglycan genes 
may often not be ascertainable [61]. Genetic analysis for 
mutations currently must be performed by specialized 
laboratories involved in research on these disorders. 
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Congenital muscular dystrophies 

Congenital muscular dystrophics arc usually clinically 
apparent at birth or in the first few months of life with 
hypotonia, weakness, and variable degrees of arthrogrypo- 
sis multiplex congenita in some cases. CK is often 
elevated but can be normal. The muscle biopsy shows 
changes consistent with a muscular dystrophy, frequently 
with impressive connective tissue proliferation. 

In general, two broad groups can be distinguished by 
virtue of the presence or absence of abnormalities of brain 
fomiation evident on neuroimaging studies or on autopsy 
examination of the brain (Table 2). The first group, chil- 
dren with what appears to be "pure" CMD without clini- 
cally apparent brain dysfunction or malformations of the 
brain, has been referred to as "classical" CMD. This 
group is clearly heterogeneous. The most important 
subclassifying feature here is the presence or absence of 
the laminin a2-chain (merosin) by immunohistochemistry 
on the muscle biopsy. In the second group, affected indi- 
viduals have varying degrees of mental retardation, 
evidence of diverse malformadons of the brain, and often 
clinical involvement of the eyes as well. This group 
includes Fukuyama muscular dystrophy, Walker-Warburg 
syndrome, and muscle-eye-brain disease. As will be seen 
in the following sections, these distinctions are not 
entirely precise in all cases and should probably not be 
overemphasized. 

Laminin a2-chain-defldent classic congenital muscular 
dystrophy 

It has become apparent through the application of 
neuroimaging techniques that there are patients with 
classic CMD who have evidence for an abnormality of the 
white matter resembling leukodystrophy on neuroimag- 
ing studies. These neuroimaging findings were concor- 
dant among siblings in a given family with CMD [77], 
Independently, Tom6 et aL [78] riecognized that by 
immunohistochemistry a significant number of patients 
with classic CMD had a deficiency of the a2-chain on 
muscle biopsy. A concomitant increased staining for the 
al-chain, a component of laminin-1, can be observed in 
these cases [78.79]. It became evident that the laminin 
a2-chain deficiency correlated with the abnormal findings 
of the white matter on Tg-weighted cranial magnetic reso- 
nance imaging (MR!) studies, thus defining a distinct 
subgroup among the pauents with CMD. 

Linkage analysis by homozygosity mapping in consan- 
guineous pedigrees with laminin a2-chain-deficient 
CMD mapped the gene to chromosome 6q22-23 [80], the 
same region where the human laminin a2-chain gene, 
LAMhZ, resides [81]. Subsequendy, the first mutations in 
the. human gene were reported in two families [82«»]. 
They were splice-site and nonsense mutations and were 
predicted to cause truncations of the protein. More 
recently, a missense mutation in a conserved EGF-like 



module of the protein was reported as well [83], shoiving 
a diminished, but not absent, pattern of staining for the 
laminin a2-chain on the muscle biopsy. 

By subdividing the group of classic CMDs into those that 
are laminin a2-chain-deficient versus those that are 
laminin a2-chain-positive, clinical differences between 
the two have become apparent [84«, 85-88]. In the 
laminin a2-chain-deficient patients, the initial neonatal 
presentation was more severe, with a higher percentage of 
infants presenting with arthrogryposis, and these patients 
also have a far worse prognosis for ambulation. In face, 
none of the a2-chaiji-deficient children achieved inde- 
pendent ambulation, whereas almost all of the positive 
patients eventually did, albeit sometimes with assisting 
devices. In addition, serum CK values on the whole 
appear to be higher in the laminin a2-chain-dcficient 
group, usually around or above 1000. 

All a2-chain-dcficient patients studied with cranial MRI 
also had abnormalities of the white matter on 
Tg-weighted images that were not seen in the a2- 
chain-rpositive group. Careful electrophysiologic studies 
can further define the clinical phenotype. As might be 
expected from the expression of the laminin 0(2-chain in 
peripheral nerve and brain, slowing of motor nerve 
conduction velocities [89] as well as delayed somatosen- 
sory evoked potentials [90] were found, whereas abnor- 
malities of visual evoked responses were less consistent. 

These findings of central nervous system (CNS) and 
peripheral nervous system involvement become more 
pronounced with age and may be only minimal early in 
the course of the disease [91]. On standard neurologic 
assessment there is no indication for more widespread 
neurologic dysfunction in the children with a2- 
larhinin-negative CMD. TTiis may seem surprising, given 
the extent of the white matter abnormalities seen on 
MRI. A recent study suggests that there may be deficien- 
cies in a number of semiquantitative motor coordination 
tasks as well as visuomotor processing tasks [92]. There 
now is evidence that the phenotype of laminin a2- 
chain-deficient CMD is broadening. On the one hand are 
patients with very mild disease who function well into 
adulthood (F. Tom6, personal communication), whereas 
on the other hand, three patients have now been identi- 
fied with laminin a2-chain-deficient CMD who also had 
evidence of focal cortical dysgenesis on brain imaging 
[93]. Therefore, CMDs can no longer be clearly subdi- 
vided based on the presence or absence of abnormalities 
of brain fonnatioru Additional evidence for the broadenr 
ing phenotype of laminin a2-chain-deficicnt classic 
CMD has been provided by Herrmaim etaL [94], describ- 
ing an intermediate phenotype with incomplete defi- 
ciency, later onset, and achievement of ambulation. A 
comprehensive summary of the latest European 
Neuromuscular Centre-sponsored workshop on congeni- 
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tal muscular dystrophy with a discussion of the most 
recent advances has just been published [95]. These 
authors also point out the occurrence of seizures in 
larainin a2-chain-deficient CMD even without evidence 
of cortical dysplasia. 

An animal model is provided by the mouse mutants dy/dy 
and d^ldfi. These mice are also laminin a2-chain-defi- 
cient by immunohistochemistry [96-98] and carry muta- 
tions in the murine gene for die laminin a2-chain [99,100]. 

Investigations into the pathophysiology of laminin a2- 
chain deficiency and its relation to the development of 
muscular dystrophy as well as the apparent CNS 
dysmyelination are only now beginning. No autopsy 
studies of patients with proven a2-laminin-negativc 
CMD have been published yet. In bodi the laminin a2- 
chain-deficient CMD and the tfyldy mouse, abnormalities 
of the basal lamina can be demonstrated ultrascructurally 
[98,101,102]. In the normal human CNS, the laminin a2- 
chain appears to be expressed in the blood-brain barrier 
but not in oligodendrocytes [103]. It will also be impor- 
tant as a short-term goal to investigate whether all laminin 
a2-chain-deficient patients do carry mutations in the 
LAMA2 gene or whether there will be genetic heterogene- 
ity similar to the sarcoglycan-negativc LGMDs. PrenamI 
diagnosis may become possible by direct gene analysis in 
selected families. The laminin a2-chain is expressed in 
chorionic villus samples from human placenta (104], so 
that chorionic villus biopsy may become a feasible alter- 
native way for prenatal diagnosis in this mostly severe 
disorder. 

Laminin a2-clialn-po8mve classic congenital muscular 
dystrophy 

The group of patients with classic CMD who are laminin 
a2-chain-positive may well be quite heterogeneous 
genetically. As alluded to earlier, in the comparative 
studies with the laminin a2-chain-deficient patients it 
has become apparent that the prognosis for ambulation for 
the most part appears to be much better in the a2- 
chain-positive patients (84»,85-^81, Most achieve some 
form of independent ambulation. However, a recent large 
study from Japan examining their laminin <x2*chain-posi- 
tive patients without structural CNS abnormalities has 
shown that there might be later gradual deterioration in 
muscle strength when the patients reach the second and 
third decades of life (105»], This would indicate that the 
underlying dystrophic process is progressive, albeit so 
slowly that initial motor development outpaces this dete- 
rioration. Because it is apparent that the laminin a2- 
chain-positive patients as a whole are heterogeneous, 
especially when ascertainment is done through analysis of 
the muscle biopsy [87], it is also unclear whether the 
disease in the Japanese patients is largely a result of the 
same genetic defect as in the patients in the European 
and American studies. 



Congenital muscular dystrophies with abnormalities off 
brain formation and mental retardation 

Fukuyama muscular dystrophy 

The prototypical disease in this group is Fukuyama 
muscular dystrophy. In Japan, this autosomal recessive 
disorder is the second most prevalent muscular dystrophy 
after DMD. It appears to be very rare outside of Japan. In 
addition to neonatal hypotonia, weakness, arid elevated 
CK levels, affected children have delayed psychomotor 
development, often with profound mental retardation. 
Seizures eventually occur in most of the cases. The 
muscular weakness is progressive and contractures can 
become prominent, so that very few patients are able to 
stand by the age of 4 years [106]. The mean age of death 
is around 10 years. CNS findings include areas of pachy- 
gyria and polymicrogyria, which are particularly well seen 
on three-dimensional MRI reconstructions [107]. The 
cerebellum is only mildly affected and hydrocephalus is 
rare; however, there is a relatively broad spectrum of 
severity [108], Ocular involvement tends to be rare; when 
present, it is mild and may consist of myopia or optic 
atrophy. The disease gene for Fukuyama muscular 
dystrophy has been mapped to chromosome 9q31 by 
linkage analysis [109]. Although the genetic map position 
has recently been refined [110], the underlying genetic 
defect has not yet been identified. It has been shown that 
there is a relative deficiency of the laminin a2-chain on 
immunohistochemistry of diseased muscle [111-113). 
This represents a secondary deficiency because the gene 
for the laminin a2-chain maps to chromosome 6q2. 

Walker-Warburg syndrome 

In Walker-Warburg syndrome, the CNS abnormalities 
tend to be much more severe, and there is a high degree 
of neonatal lethality. Type II lissencephaly is the leading 
cortical malformation {114»]. This is often mixed with 
polymicrogyria, giving the cortex a cobblestone appear- 
ance. Cerebellar hypoplasia, often associated with a 
Dandy-Walker anomaly, hydrocephalus, and the incon- 
stant occurrence of encephaloceles, is also seen [115]. 
There are major abnormalities of the eyes, of which 
retinal dysplasia is the most consistent. Anterior chamber 
malformations, cataracts, choroidal colobomata, optic 
nerve hypoplasia, and microphthalmia can all occur [116]. 
The CNS malformation complex often dominates the 
clinical picture, and the constant association with a 
muscular dystrophy has in fact not been appreciated until 
recently. The histopathologic picture in muscle is indis- 
tinguishable from the other disorders in this group. 

This syndrome also appears to follow autosomal recessive 
inheritance, but the gene has not yet been identified or 
localized. Toda et aL [117] reported a patient with an 
apparent Walker-Warburg phenotype occurring in a 
family with Fukuyama muscular dystrophy. This patient 
was carrying the same haplotype on chromosome 9, as did 
the siblings with Fukuyama muscular dystrophy. 
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However, this parient might also have had an unusually 
severe Fukuyama phenotypc, as cases showing overlap to 
mild Walker-Warburg cases have been recognized in 
families with Fukuyama muscular dystrophy [108]. In 
contrast to Fukuyama muscular dystrophy, staining for 
the laminin a2-chain is normal in muscle from patients 
with the Walker-Warburg syndrome, suggesting that it is 
a distinct entity [118*]. Wewer et aL [119] confirmed 
normal a2-chain staining but also found deficient laminin 
p2-chain staining and abnormalities of a-sarcoglycan 
immunoreaccivicy in skeletal muscle, the significance of 
which is not yet clear. Some Walker-Warburg families 
have now been excluded genetically from the Fukuyama 
locus on 9q31 (W. Dobyns, Personal communication). 

Musde'cye-braln disease 

Muscle-eye-brain disease is particularly prevalent in 
Finland, where it has occurred in a number of consan- 
guineous pedigrees, suggesting autosomal recessive 
inheritance [120], Although less severe [121], the brain 
abnormalities are reminiscent of those seen in the 
Walker-Warburg syndrome. Hydrocephalus is seen 
frequently. There is considerable psychomotor delay and 
seizures are often present. However, many patients 
acquire the ability to stand or walk, often followed by 
deterioration secondary to increasing spasticity [120]. 
The eye abnormalities consist of high myopia, retinal 
degeneration, and optic atrophy [122]. This disorder has 
been shown to be distinct from Fukuyama muscular 
dystrophy by exclusion of the 9q31 Fukuyama locus in 
Finnish pedigrees [123«]. However, its relationship to 
Walker-Warburg syndrome is not entirely clear, Haltia ef 
aL [124] repon weak immunostaining for the laminin a2- 
chain with normal laminin p2-chain staining in muscle 
from patients with muscle-eye-brain disease, a fmding 
that may facilitate its distinction from Walker-Warburg 
syndrome. 

There are other clinical phenotypes associated with 
CMD, sometimes restricted to a single family, that do not 
fit easily into the classification scheme outlined here. No 
completely satisfactory classification system exists at the 
moment, and not unlike the LGMDs, the availability of 
more genetic information will almost certainly be of great 
help to arrive at such an understanding. The genetic 
analysis of as many cases and families as possible, even 
with diverse and unusual phenotypes, will be essential to 
generate this knowledge. . 

Undoubtedly the near future will see not only the addi- 
tion of even more disorders and genetic loci to the list of 
muscular dystrophies but also the identification of the 
genes that are still elusive. Along with these genetic 
advances should come significant insight into the patho- 
genesis of muscle degeneration in these muscular dystro- 
phies—the first step to meaningful therapy for these 
often devastating diseases. 
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INVITED REVIEW Dystrophin, the protein product of the Duchenn& muscular dystrophy 

(DMD) gene, ia asBodated with a large oMgomarlc complex of sarcolern- 
m^} glycoproteins, including dystroglycan which provides a linJcaga to 
the extracellurar matrix component laminln. In patients with DMD« the 
absence of dystrophin leads to the loes In all of the dystrophln- 
assoclated proteins, causing tfte disruption of the linkage between the 
subsarcolemmal cytoskelaton and the extracellular matrix. This mey 
render the earcolemma vulnerable to physical stress. These recent de- 
velopments in the researcf) concerning the function of the dystrophin- 
glycoprotein complex pave a way for the better understanding of the 
pathogenesis of muscular dystrophies. ^ 1894 John Wilsy a Sons, Inc. 
Key words: Duchenne muscular dystrophy • dystrophlri-^lycoproteln 
complex • dystrophln-BSSOdated proteins • dystroglycan • saroolamma 
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DYSTROPHIN^LYCOPROTEIN 
COMPLEX: ITS ROLE IN THE 
MOLECULAR PATHOGENESIS OF 
MUSCULAR DYSTROPHIES 

KIICHIRO MATSllMURAp MD, and KEVIN P. CAMfBELI^ PhD 



Duchenne muscular dystrophy (DMD) is one of 
the most severe and common neuromuscular dis- 
eases. Although extensive research efforts have 
been directed toward the elucidation of the mech- 
anism causing muscle degeneration in this devas- 
cadng disease, ii was not until 1986 when the caus- 
ative gene was finally idenuficd.^' Over the last 
several years, biochemical invesdgadon of dystro- 
phin, the protein produa of the DMD gene, has 
led to the ideniificalion of a large oUgomeric com- 
plex of novel sarcolemmal glycoproteins associated 
with dystrophin, including dystroglycan which 
binds the extraceUular matrix component, lami- 
nin.*^'*"^'^*®* In this article, we review these re- 
cent developmenis in die field of skeletal muscle 
dystrophin research and discuss die involvement 
of the dystrophin-associated proteins in the molec- 
ular mechanism leading to muscle cell necrosis in 
HMD, 
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OTITHQPHIN 

The entire coding sequence of dystrophin ^as 
published in 1988/* Dyscrophin was predicted to 
be a rod-shaped cyioskeletai protein of 427 kd, 
composed of four structural domains; (1) the 
amino*terminal domain with high homology to ac** 
tin binding regions of such acun binding proteins 
as a-actinin, p-spectrin, and Dictyostelium acdn- 
binding protein 120; (2) a series of 24 repeats of 
109'amino acids in the form of a triple helix; (3) a 
cysteine^rich domain homologous to die carboxyU 
terminal domain of Dictyostelium o-aciinin; and 
(4) the carboxyl-terminal domain with no homol- 
ogy to the previously described sequences at that 
droe.^* 

Antibodies against fusion proteins or synthet- 
ic pepddes were soon produced and used for the 
initial identification of ihis predicted pro- 
tein a. j73s.fi039.9B immunohistochemical and im- 
munoelectron microscopic analyses localized dys- 
trophin to the cytoplasmic face of normal skeletal 
and cardiac sarcolcmma, and immunobiot analysis 
detected a protein with a molecular mass 
of 400 kd in normal skeletal and cardiac 
muscles.^''*'"-"«'-*»-w Dystrophin was absent 
in the skeletal and cardiac muscles of DMD c>a- 

Dystrophin was initially reported to constitute 
otily 0.002% of the total skeletal muscle protein,^^ 
raising a doubt about the possibility diat dystro- 
phin could play a major structural role in skeletal 
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FIGURE lA. Compononts of the dystrophin-glycoprotein 
complex separated on 3-12% fiD$-PAGE. The 15eDAG le not 
Stained well with Coontas9lfl blue due to heavy giycosyladon. 

muscle. However, ic 19 now known thai dystrophin 
consctiuiea 2% of loial sarcolcmmal protein and 
5% of sarcolemmal cyloskdcwl proiein.^-®^ The 
latter figure u similar lo the abundance of spearin 
in brain membranes, iridicacing that dystrophin is a 
major struaural componem of ibe jubsarcolem- 
mal cytoskeleton, 

Ulurastructural analysis has demonstrated that 
dystrophin is a rcxl-shaped nioteculep as predicted 
from the primary scqucncc.®^-^^''" Reccndy, the 
amino-terminal domain of dystrophin was ex- 
pressed as a fusion protein and shown to associate 
with F-actin by coscdimentation analysis.^ ''^ Two 
put^ve actin-binding sitea were idenUfted by pro- 
ton NMR spcaroscopy of synihecic peptides cor- 
responding to defmed regions of the amino- 
tertninal domain of dptrophin.^' Since dystrophin 
is localised to the cytoplasmic face of the sarco- 
Icmma, it is presumed to interact with cycoskeletal 
actin such as ^-actin rather than a^acrin of thin 
filaments in muscle cells. Morphological studies in- 
dicate that dystrophin does not distrtbuce uni- 
formly along the sarcolemma but is highly en- 
riched in coscameres where the Z bands are 
presumed to be attached to the overlying sarco^ 

DYSTROMUM-jGLYCOPROTEIN OOUFLEX (PQCI 

The mode of Intcracdon of dystrophin with the 
sarcolemma was unclear unul 1989 when biochem- 
ical experiments demonstrated that dystrophin is 



lightly associated with membrane gtycoproteifW-^* 
Further invest! gauon revealed that dystrophin is 
associated with a large oligomeric complex of novel 
sarcolemmal proteins comprised of a 156-kd gly- 
coprotein (156DAG), a 59*kd protein (59DAP)i a 
50-kd glycoprotein which was originally called 
SL50 (50OAG), a 43-kd glycoproiein (43DAO), a 
35'kd glycoprotein (95DAC), and a 25-kd protein 
(25DAP) (Fig. la).^^28.S6,9S.9i -^^^^ association of 
these proteins in the complex was demonstrated 
by: (I) copurification^"^'^^; (2) ^sedimentation 
on sucrose density gradient^®^*; (3) coimmuno- 
predpitation*^**: (4) Stoichiometric ratio^*-^*; 
(5) colocalization to the sarcolemma (Fig. lb)*^°; 
and (6) crossHnking,^* Dystrophin and ihe dystro- 
phin-assodated proteins (DAPs) also colocalizc to 
the sarcolemma of intrafusal muscle fibersi and to 
the neuromuscular and myotendon junctions, two 
specialized regions of the sarcolemma where dense 
dyslrophin-siaining is observed (MaiSumura and 
Campbell, unpublished results) 

Extensive biochemical analysis of the dystro- 
phin-glycoprotein complex (DGC) indicates the 
following: (1) the 156DAC is an extracellular pro- 
tein extractable from the membranes by pH 12 
treatment; (2) the 50DAG, 43DAG, 35DAG, and 
25DAP are transmembrane proteins; and (3) the 
d9DAP is a cytoplasmic and probably cytoskeletal 
protein, extractable from the membranes by pH 1 1 





ROVIAE IB. ImmunohleiochemlcBl onaiyeis or the qompo- 
nents of the dyetrophlivglyceprotein compiw in normal 
skeletal muscler Immunpolalnlng for dystrophin (e), 156DAO 
<k»), eSDAP («)^ 6OD AG (dy. 49DA0 (e), and 3SDAQ (Q Is shown 
(modified fram ref. 69). 
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F-Actin 



FIGURE IC Schemaiic model of (h9 dystrophin-^ (yccprotein compioK ad a irans^arcolemmal linker b^we^ ttie suMarcolem- 
mai cytoskeleton and the axtracallular matrix. 



treatment, like dy&irophiii.^^ Cosedimeniation 
analysis demonstraies the interaction uf the DGC 
with F-actin (Ervasti and Campbell^ in press). 

Which domain of dystrophin Interacts with the 
glycoprotein complex? The C-termlnal domains 
(cysteine-rich and carboxyl-terminal domains) 
were originally suggested to interaa with the DAPs 
because of the following observations^^: (1) the 
lack ofsigniilcanK homology between the carboxyl- 
terminal domain and prutcias of known function 
except dystrophin-relaied protein (now called 
utrophin). an autosomal homologue of dystro^ 
phin^* '*^ (2) the conservation of the C-terminal 
domains of dystrophin among different species^^; 
(3) the clinical observation that the phenotype of 
the patients with deletions in the C-terminal do- 
mains is scvcre®''*"''*^^; and (4) the results of immu- 
tiogold labeling siudie*.*^*^'* More recently, the re- 
sults of limited calpain digestion of the DGC 



demonstrated that the DAPs-binding site vias con- 
fmed to the cysteine-rich and the first half of the 
carboxyl-terminal domains.^^ On the other hand, 
dystrophin lacking the C-terminal domains was re- 
ported to be localized properly to the sarcolemmal 
region in unique patients with DMD.****^'*^ ''® Thii 
led to a 5pccu)adon that the C-terminal domains 
are not e^isentia) for the interaction of dystrophin 
with the sarcolemma.'"*'^'***^^ However, the possi- 
bility that truncated dystrophin with an intact 
amino-terminal domain may properly localize to 
the sarcolemmal region by associating with other 
subsarcolemmal cytoskdetal components such as 
7-actin, even when it is not associated with the 
DAPs, was not addressed. This question will be dis- 
cussed further in the section "DMD Pauents Lack- 
ing the C-Terminal Domaitis of Dystrophin." 

Rccendyp dystrophin was reported to be associ- 
ated with a postsynaptic protein with molecular 
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mass of 58 kd in Torpedo electric tissue, which is 
derived embryologically from immaiure striated 
muscle and retains many similaricies to mammalian 
skeletal muscle.^' Another posisynaptic protein 
with molecular mass of 67 kd, which shares homol- 
ogy with the C-ccrminal domains of dystrophin, 
was also shown co be associated with ihis 5B-kd 
protein. ^^"^^ Immunohistochemical analysis indi* 
cates the presence of a mammalian skeletal muscle 
protein which shares immunological homology 
with the 58-kd Torpedo protein. 

PRIMARY STRUCTURE OP 
0T«TROQLYCAN |4WAG/f 98DAQ| 

In order to understand the function of the UaPs, 
the primary struaure of each component had to be 
clarified. A single cDNA encoding two of the 
DAPs, the 43DAO and 156DAG, was isolated and 
characterized.^* Posttraeislational processing of a 
97-kd precursor protein translated from a 5.8-kb 
mRNA results in these two proteins.^^ Consistent 
with the aforementioned biochemical data, the car- 
boxy 1-terminal portion of the precursor protein 
processed into the 43DAG has three potential 
A^-glycosylaiion sites, a single potential transmem* 
brane domain and a 120-amino-acid-long cyto- 
plasmic talL^^ The amlno-terminal portion of the 
precursor protein corresponding to the 56-kd core 
protein of the 155DAG has no transmembrane 
domain but one potential //-glycosylation siie 
and many potential O-glycosylaUon sites." Car- 
bohydrate moieties constitute almost two*thirds 
of the molecular mass, suggesting that the 
156DAG may be a proteoglycan.^^ Heavy glycosy- 
lation is presumed to explain the high resistance 
of the 156DAG to proteolysis.*** Based on the gly- 
cosylated nature and the association with dystro- 
phin, the 4SDAG/156DAG was named dystrogly- 
can.^* 

LAMlNm-OINDINO PROPOrmtt OF 
DYSTROOLYCANi DOC l« A TRANUARCOLEMMAL 
UMKER BientKm the ftUMARCOLEIiaiAL 
CYTOSKEL«TON AND THE 
EXTRACRLLULAR MATRIX 

The 1 56-kd dystroglycan has been shown to bind 
the extracellular matrix component, laminin.^^ 
This binding is inhibited by high salt, divalent- 
cation chelating agent (EDTA) or heparin (Ervastj 
and Campbell, in press). The l56-kd dystrogly- 
can is a highly specific laminLn receptor: it does 
not bind other well-characterized extracellular 
matrix components such as Abronectin, collagen 
1, collagen IV, emactin, or heparan sulphate 
proteoglycan (Ervasii and Campbell, in press). 
Dystrophin, all of the DAPs, and lamtnin colocalize 



to the sarcolemma in skeletal muscle, and to the 
sarcoiemma and transverse tubules in cardiac mus- 
cle.-*^ 

These findings indicate that the DGC is a irans- 
sarcolemmal linker between the subsarcolemmal 
cytoskeleion and the extracellubr matrix (Fig. Ic). 
The DGC is expected to provide a structural sup- 
port to the sarcolemma and, indeed, could be a 
unique plasma membrane-supporting mechanism 
which has developed in striated musde, a tissue 
which undergoes both extreme contraction and 
stretch.^' In addition to this struaural role, the 
DGC may have far more diverse biological func- 
tions such as signal transduction and regulation of 
the intracellular calcium concentration. 

Does the DGC or a homologous complex exist 
in nonmuscie tissues and, if so, what is its function? 
Northern blot analysis has demonstrated that dys- 
troglycan mRNA is expressed not only in skeletal, 
cardiac, and smooth muscles but also in nonmusde 
tissues such as brain, lung, liver, and kidney which 
do not express dystrophin to any significant ex- 
tent.^^ A cell surface lazninin-binding protein with 
molecular mass of 120 kd was purified from brain 
and shown to have the primaiy sequence identical 
with the 1 56-kd dystroglycan.^^ The difference in 
size of the 1 56-kd dystroglycan from skeletal mus- 
cle and brain suggests a different level of glycosy- 
lauon of the protein between these two tissues, 
which could reflea different functions of the same 
gene product in different tissues. Difference in size 
of the 156-kd dystroglycan is also found among 
skeletal muscle, diaphragm, cardiac muscle, 
smooth muscle* long, and kidney (Ibraghimov- 
Beskrovnaya and Campbell, persotial comtnunica- 
tlon). 

At present, the cellular distribution of dystro- 
glycan in nonmusde dssues is not known. It is also 
imclear if dystroglycan is associated with dystro- 
phin or dystrophin isoforms/homologues in these 
tissues. Recently, a novel DMD gene product with 
molecular mass of 71 kd was identified in nonmus- 
de tissues, induding brain, lung, liver, and kid- 
8.15,44 Another DMD gene product with mo- 
lecular mass of 116 kd was identified in the 
peripheral nerve,*** Since these two proteins share 
homologous C-iertninal domains with full-si^e dys- 
trophin, they could assodate with the DAPs in non- 
muscle tissues. 

The primary structure, function, and tissue dis- 
tribution of the DAPs od^er than dystroglycan are 
unknown. However, partial amino add sequence 
analysis indicates that each of the DAPg is a novel 
protein. Characterizadon of all of the OAfs at both 
molecular biological and biochemical levels is es- 
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sentiaJ for the better understanding of not only ihe 
structural organizaiion and function of the DGC in 
skeleul musde but also the idendficauon of the 
homologous complexes in nonmusctc tissues. 

THE HOLE dr tHE pOC IN TWE MOUPULAR 
PATHOOCHnit OF THE mdx MOUM 

The elucidation of the precise mechanism by 
which the absence of dystrophin leads to muscle 
ceil necrosis is a prerequisite for the development 
of effective therapies for DMD, die ultimate goal 
of DMD research. In thi5 respect, the dystrophin* 
deficient mdx mouse is a good animal model for 
biochemical investigations. 

Immunohisiochemistry revealed that all of the 
DAFb were drastically reduced in ihe sarcolemma 
of mdx mice.^^ Immunoblot analysis showed ap- 
proximately 80-90% reduaion in all of the DAPs 
in mdx skeletal muscle membranes compared with 
normal membranes.^^ These results were indepen- 
dent of the age of the animals and the severity of 
degeneration of individual musde fibers, indicat- 
ing that the loss of the DAPs is a direct conse- 
quence of the absence of dystrophm and not due 
ix> the nonspecific secondary effects of muscle fiber 
degeneration/'^ This hypothesis is also supported 
by the finding that all of the DAPs are well pre- 
served in dyldy mice which have normal expression 
of dystrophin but have severe dystrophy. 

Is the synthesis of the DAPs reduced or is ihe 
degradation increased in mdx mice? Northern blot 
analysis revealed the normal production of the 
dystroglycan mRNA in mdx skeletal muscle.^' 
This suggests that the DAPs are synthesl^^ed but 
may not be properly assembled and/or integrated 
into the sarcolemma or may be degraded in the 
absence of dystrophin.*'**' 

What is The status of the residual 10-20% of the 
DAPs in mdx skeletal muscle? The results of su- 
crose density gradient centrifugation and immu- 
noprecipitaiion experiments suggest the presence 
of four subfracdcms of the DAPs in mdx skeletal 
muscle: ( I ) a complex of the 1 d5D AG and 43DAG; 
(2) a complex of the SODAG and 3dDAC; (3) un- 
associated 59DAP; and (4) the DAPS associated 
with uirophin (discussed later. }^ Since the DAPs 
associated with utrophin constitute less than 20- 
30% of the residual DAPs, most of the residual 
DAPs do not serve a function in the linkage of the 
subsarcolemmal cytoskeleton to the extracellular 
matrix .^^ This suggests that the actual disruption 
of this linkage in mdx skeletal muscle is far more 
severe than what one expects from the level of the 
DAPs in the sarcolemma as revealed by immuno- 
histochemistry. 



MOLECUUm PATMOQENESIB OT OMP AND 
RELATED OIWASE9 

DMD, The structural organization of the DGC 
(Fig. Ic) suggested that the absence of dystrophin 
may disrupt the linkage of the DAPs to the subsar- 
colemmal actin-cyt08kdeton in DMD skeletal mus- 
cle. Thb could lead to the dysfunction of the DGC 
and/or the loss of the DAPs in the sarcolemma, in 
analogy to other diseases involving cytoskeleial 
proteins, such as hereditary elliptocytosis,^ in 
which the deficiency in one component of the 
membrane cytoskeleton leads to the loss of the 
other components. 

Immunohistochemtcal analysis revealed a dras- 
dc reduction in all of the DAPs in DMD patients of 
various ages (Fig. 2).^^ The loss of the DAfs is 
considered a direct consequence of the absence of 
dystrophin and not due to ihe nonspecific second- 
ary effects of miiscle degeneration, based on the 
following observations: (1) all of the DAPs are pre- 
served in a variety of other neuromuscular diseases 
where muscle fiber necrosis and degeneration oc- 
cur; (2) the loss of the DAPs is common in all DMD 
patients, irrespective of age; (3) the loss of the 
DAPs is found in all muscle fibers, independent of 
the severity of degeneration; (4) the abundance of 
many other glycoproteins is not affected in DMD 
musde; and (5) other proteins including the mem- 
brane cyioskeletal protein spectrin remain well 
preserved in DMD,^.^ 

Based on these restdts and the structural orga- 
nization of the DGC, we proposed that the disrup* 
(ion of the DGC could play a key role in the cas- 
cade of events leading to muscle cell necrosis in 
DMD.'° The absence of dystrophin causes the dis- 
ruption of the linkage of the DAPs to the subsar- 
coiemmaJ actin-cytoskclctoni which leads to a 
drastic reduction in all of the DAPs. The resuldng 
disruption of the linkage between the aubsarcolem* 
rtw) cytoskeleton and the extracellular matrix may 
lead to sarcolemmal instability and eventually to 
muscle cell necrosis.^" This may be the case, espe- 
cially during muscle contraction which may cause 
physical breaks or tears of the sarcolemma. This 
hypothesis is quite consistent with the reported 
morphological abnormalities in the sarcolemma of 
DMD patients."'** "''^ 

DMD PAUants Lackliifl Ihe G-TaraibiAl Domalna off 
DyvlrophlR. Dystrophin lacking the C-terminal 
domains was reported to be localized properiy to 
the sarcolemma in unique patients afflicted with 
DMD.*'^*^''^'^^ Despite the proper intracellular lo- 
cailzation of truncated dysu«ophin, the phenorype 
of these patients was quite severe. This indicated 
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FIGURE 2. ImmunohtstDChemicBl enaiysis of lh& components of the dystrophin-glycoprotein complex In skeletal mu&cid from 
a OMD pstleni. Immunoslaining fOr dyfitrophln (a). 156DAC (b), 59DAP (c), 50DAQ (d). 430AG (e). and dSDAG (f) Is shown 
(modifM from ret. 55). Dystrophin Is at>sent and all of the dystrophtn-assoc'iated proteins are greatly reduced In tha saroalemmB. 



ihat the C-ierminal domains were likely lo be ven^ 
importanl in the function of dystrophin. 

Recently, the status of the DAPs vras swdied in 
similar patiettts. tminunohistochemistry revealed 
that all of the DAPs were drastically reduced in the 
sarcolemma even though dystrophin lacking the 
C-terminaJ domains was properly localized to the 
sarcolemmal rcgion.^^ The results suggest thai the 
DAPs-binding site is missing in these patient5, and 
thus, are consistent with the observation chat the 
C-terminal domains are essential for interaction 
with the DAPs.®^ The loss of the DAPs in the sar- 
colemma causing the disruption of the linkage be* 
twecn the aubsarcolemmai cytoskelcton and extra- 
cellular matrix is presumed to be the cause of 
the severe phenotypc of these pailents.** 

Sy m pt ow t ic DUP CmHmnh Dystrophin deficiency 
is found in some muscle fibers and is speculated to 
cause musdc fiber degeneration in symptomatic 



DMD carriers.*'* To test this hypothesisi it was 
important to know the status of the DAPs in these 
individuals. Immunohistochemistry showed ihat 
all of the DAPs were lost in the sarcolcmma of 
dysirophin-dcficicnt muscle fibers, while they were 
well preserved in dystrophin-positive fibers, in 
symptomatic DMD carriers (Fig. 3) (Sewry et al, 
manuscript in preparation).*^ This indicates that 
the linkage between the subsarcolemmal cytoskel- 
eton and the extracellular matrix is disrupted in 
dystrophln-deflcient fibers.'^ Thus, the same sar- 
colemmal instability as in the case of DMD may be 
rcsp>on5jble for the muscle fiber degeneration in 
symptomatic DMD carriers. 

P e ofc f Mwaculv Dyatropfcy tBIIO)i Immunohisio- 

chemistry has shown reduced and/or patchy 
dystrophin staining along the sarcolemma. and 
immunoblot analysis has detected dystrophin of 
abnormal size and/or reduced quantity.^*^'^^ How- 
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RGURE 3. Immunohistochemicat analy&ifi of ihs compo- 
nents of the ayslrophln^lycoprgtdin complex In skoi^iai 
muscle from a symptomatic DMD c^arrter. Immunoslalning for 
dystrophin (1) and 50DAG <b) Is shown. Dystrophin- 
assoclated proteins (axemplified by SODAG) aro greatly re^ 
ducfld In the dystrophin-deflcient muscle lltiers, whils they 
are well prdfiOfVdd In the dystrophin-posltke fibere. 



ever, Che mechanism by which these reported ab- 
noTinalities of dystrophii^ lead lO muscle fiber de- 
generaiioa of BMD is unclear. Analysis of the 
smtus of the DAPs In BMD patients having various 
mutacions in the dystrophin gene would be impor- 
tant to answer these questions. This study could 
give us information about the domains of dystro- 
phin essential for the interaction with the DAPs» 
and would also h^ve significant implications on the 
design of dystrophin minigene«'* in the potential 
gene therapies for DMD. 

Immunohistochemistry showed a correlation 
between the reduction in dystrophin and DAPa 
eiaining in BMD padcnts having In-frame dele-* 
iLons in the rtxl domain of dystrophin (Matsumura 
el al„ in press). The reducdon in the DAPs was 



milder than in typical DMD patients or the DMD 
patients kcking the C-terminal domains of dystro- 
phin, inc^caiing that the rod domain is not crucial 
for the intcracuon with the DAPs. This suggests 
that in-frame mutadons of the dystrophin gene 
having no effects on the interaction with the DAPs 
will not result in a slgnincant loss of the DAPs and/ 
or the disruption of the linkage to the extracellular 
matrix. However, dystrophin with defects in the 
rod domain may not have a normal function or 
may be unstable, and this may lead to a mild re- 
duction In the density of the DCC This could ex- 
plain the mild phenotype of these BMD patients. 
In patients with mutations in the amsno-terminal 
domain of dystrophin, on the other hand, the an- 
chorage of the DCC to the subsarcolemmal actin- 
cytoskeieion may be disrupted due to the loss or 
defects of the aain-binding activity of dystrophin. 
Analysis of the DAPs in these patients would be 
interesting. 

Autosomal MuftcuUr pyet#^l«a wHh DMD-LIke Pha- 
gifttyp«. Recent discoveries about the structural 
organization of the DGC raised a possibility that a 
primary defect of a DAP could be the cause of 
autosomal muscular dystrophy. So far, iwo autosO' 
mal diseases Yixvc been reported to show abnor- 
malities of the DAPs. 

Severe Childhood Autosomal-Rece^swi Muscular 
Dystrophy (SCARMD), Specific deficiency of the 
SODAG was demonstrated in the patients afflicted 
with a severe childhood autosomal recessive form 
of muscular dystrophy which is prevalent in North 
Africa (Fig- 4)." Patients with SCARMD present 
with DMD-iike symptoms despite the normal ex- 
prcssion of dystrophin.' Since the 50DAG 
deficiency is common to both DMD and SCARMD, 
it is presumed to be playing an important role in 
the molecular pathogenesis leading to muscle ceU 
necrosis in theae two diseases.*^ In contrast to 
DMD, where the absence of dystrophin causes a 
secondary reduction in all of the DAPs and die 
disruption of the DGC, the deficiency of the 
SODAG may cause a dysfunction of the DGC in 
SCARMD." Although the deficiency of the 
50DAG characterizes the early stages of this dis- 
ease, other components of the DGC could also be 
affected in the advanced stages.^^ 

The initial identification of the SODAG defi- 
ciency was made in 1 Lebanese and 3 Algerian pa- 
dents." Why is SCARMD prevalent in North Af- 
rica? Although the high rate of consanguinity hi 
this region could be the cause, this disease may be 
specific CO Arab populations. Recently, two studies 
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nOURE 4. Immunohtstochemical analysfs of the eomponanta of the ^/yetrophln-glycoprotsln complex in sketeta) ma^lfi frdm 
a SCARMO patient Immunostatnlng for dystrophin (tt), 156DAG (b). S90AP (e), 50DAG (d). 430AG (b)^ and 350AG (f) ts shown. 
Although dystrophin. 156DAQ. S9DAP. and 43DAG ore well preserved. 50DAG la drastically reduced and 3$0A0 is slightly 
reduced In the sarooiemma. 



were carried out to know if this disease exisis in ihe 
non-Arab populations. In a study of European pa- 
tienu afflicted wiih severe childhood muscular 
dystrophy. 1 Italian, 1 Greek, and 3 French pa- 
tients were found to be deficient in the 50DAG 
despite the near-normal presence of dystrophin 
and ihe odier DAPs (Fardeau et al., submitted). In 
a Brazilian study, 4 negroid patients with the 
50DAG deficiency were identified (Zaw ct al, sub- 
mitted). Thus, SCARMB exists in various popula- 
dona. All of these non-Arab patients had been di- 
agnosed as DMD/BMD on clinical grounds until 
the immunochemical test revealed the deficiency 
of the 60DAG instead of dystrophin. Interestingly, 
consanguinity was negative in all of the European 
pauents. This suggests that the high rate of con* 
sanguinity may be the cause of high prevalence of 
SCARMD in North Africa, even though this dis- 
ease may not be specific to Arab populations. 
Whether the 50DAG deficiency exists in the North 



American or Asian populations remains to be in- 
vesdgated. 

With increasing numbers of patients identified, 
a dearer picture is emerging for the phenotype of 
50DAG deficiency. It resembles the phenotype of 
severe BMD or so-called oudiers in many respects. 
It can be summarized as the following: (1) both 
sexes are affected equally; (2) weakness of the 
lower extremities begins between 5 and 10 years of 
age: (3) calf hypertrophy Is common in the early 
stages; (4) some patients become wheelchair bound 
as early as 10 years of age; (5) the scrum CK value 
is elevated to 50 times the nonnai upper limit in 
the early stages; (6) electromyography and muscle 
histology reveal myopathic changes which resem- 
ble but are milder than those of DMD; (7) early 
death due to cardiomyopathy can occur; (8) sever- 
ity of the symptoms vary grcady among hoth un- 
related and related patients; and (9) mental reiar- 
dacion is absent. 
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The primary defea causing the deficiency of 
the 50DAG in SCARMD ii unkDOwq. U could be 
due to a primary defect in the structure or. expres- 
sion of the gene for this protdn or a secondary 
effect of an unknown primary defea. Molecular 
biolt^cal and linkage analysb will be needed for 
the elucidation of the primary cause of SCARMD. 
Recently, the defective ^nc responsible for Tuni- 
sian autosomal recessive Duchenne-ljke muscular 
dystrophy (DLMD) was mapped to ihc pcricentro- 
meric region of chromosome I3q by linkage anal- 
ysis.'* It is crucial to clarify the relationship be- 
tween the DLMD gene and the 50DAG. 

Fukuyama-Type Congenital Musealar DyslTopky 
(FCMD). FCMD is a severe autosomal recessive 
muscular dystrophy prevalent in Japan.^-®^ The 
phenotype of FCMD consists of muscular dystro- 
phy and brain anomaly.**^'** In most cases, dystro* 
phin is expressed at near-normal level in this dis- 



ease.*'''^ Recently, the abnormal expression of the 
DAPs \m reported in FCMD skeletal musdc," 
The DAPs staining was reduced in the sarcolemma 
in a number of muscle fibers despite the near- 
normal expression of dystrophin (Fig. 5).^* Muscle 
fibers with abnormally intense staining of the sar- 
colemma or with diffuse cytoplasmic staining were 
also observed.^ 

Genetic observations have suggested a possible 
interaction between dystrophin and the putative 
FCMD gene produa.**' Based on the phenotype, 
the FCMD gene product is expected to be en- 
pressed in both muscle and brain. Interestingly, 
the abnormality of the expression of the 45-kd dyS" 
troRlycan was prominent in FCMD muscle (Fig. 
5). Since dystroglycan is expressed in both mus- 
cle and brain,^ these findings suggest the dystro- 
glycan gene as a candidate gene for FCMD muta- 
tions. 






FIQURE 5. Iitimunohlstochemlcal analysis of the componente of tha dystrophin-gtycoprote in complex in sksleUI muscia from 
a FCMD pattern immunqatainlng for dystrophin (a), 156DAQ (!>>» eeoAP (q). 50DAG (<n, 43DAG (•), and 3SDAd ffl Is shown 
(modified Irom ml. S5). Although dystrophin is well prBsarved. the dystfophln-asioclatod proteins a4 gewrairy rod J^^^^^ 
sBrcolemma. Musols fibers whn aonormauy imenQs sialntng of thd sarcolemma or diffusa eytoplasmlc staining for the dvstrcs 
phln-assoclated proteins ars atae ebsatvad. ju/Hiwmiv Msinm^ lor me oysiro- 
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DUQNOSIS OF UUSCULAR DYSTflOmiES 

The findings described above indicate ihat the sta- 
tus of the DAPs in the sarcolemma shows a good 
correladon with the severity of the elmical symp- 
toms in certain muscular dystrophies, including 
DMD, BMD, DMD carriers, SCARMD> and possi- 
bly FCMD (Table 1). Th\is, the immunochemical 
analysis of the DAPs, in addidon to dystrophin, 
may be effective for the accurate diagnoses of 
these diseases. This is especially the case for the 
diagnosis of male sporadic pauents who are af- 
flicted with severe muscular dystrophy and have 
reduced amount of normal-sized dystrophin in the 
immunoblot analysis. According to the standard 
diagnostic criteria, they would be diagnosed as se* 
vere BMD/oui)ier.'* However, a fraaion of these 
patients could be afHicted with SCARMD instead, 
since the phenoiype of SCARMD is very dose tu 
thai of severe BMD/outlier and dystrophin could 
be reduced in the advanced stages of SCARMD." 
This indicates that the immunochemical analysis of 
the 50DAG is necessary for the differential diag- 
nosis of these pauents. 

So far immunohtstochemical abnormalides of 
the DAPs have not been found in the following 
diseases: limb-girdle muscular dystrophy, myo« 
tonic dystrophy, facioscapulohumeral muscular 
dystrophy, oculopharyngeal muscular dystrophy, 
non-Fukuyama-type congenital muscular dystro- 
phy, and spinal muscular atrophy (Matsumura et 
al., submitted). This docs not necessarily exclude a 
possibility of dyai'uncuon(s) in the componenca of 
the DAPs undetected hy the current iinmunohis- 
tochemical methods. 



Table 1. Corveistion behwfien the pnenotype and the status of 
the expression of dyslrophin and tha dystrophln-assodated 
proteins (DAPe). 
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DyBtrophin-Olycoprolein CtMTiplex 



UTROPMliMUYCOPROniii COMPkEX 

Utrophin IS an autosomal homologue of dystzti- 
phin/^-y While utrophin is ubiquitously ex- 
pressed. It is localized exclusively to the neuromus- 
cular junction in adult skeletal musde.^^- 
4ojo>i,68,fri Utrophin is associated with the DAPs 
or their homoiogues in skeletal muscle,^ suggest- 
ing that the uvophin-^ycoprotein complex could 
be playing an impoitant role in the formation and 
maintenance of die neuromuscular juncdon. 

In contrast to normal muscle^ utrophin appears 
to spread out of the neuromuscular junoion and 
be expressed throughout the sarcolemma in mus- 
cle from DMD patients and mdx micc.*®'^ "-^* In 
mdx mice, this phenomenon seems most promi- 
nent in the small-caliber skeletal and cardiac mus- 
cles which are relatively free from degeneration.^^ 
Furthermore, in these muscles of mdx mice, the 
dyscrophin/utrophin-assoeiated proteins are well 
preserved in the sarcolemma compared to the 
large skeletal muscles such as quadriceps muscle.''^ 
In the large skeletal muscles of mdx mice, less than 
20-50% of the residual DAPs arc associated with 
utrophin.^ Since the residual DAPs in these mus- 
des of mdx mice are equivalent to only 10-20% of 
the normal levcl,^ the DAPs potentially serving as 
a link between the subsarcolemmal cytoskclcton 
and extracellular matrix is presumed to be as low 
as 2^% of the normal level in these muscles of 
mdx mice. Thus« the upregulation of utrophin 
could have compensatory effects for dystrophin 
deficiency^ but the level of upreguladon in the 
large skeletal muscles of mdx mice might not be 
high enough to fully compensate for the absence 
of dystrophin. 

THraAPBUTIC IMPLtCATIONS OP THV DAPe 
roil DUD 

lite finding thai all of the DAPs, including the 
laminin-bindlng dystroglycan and the SODAC. 
whose deficiency alone causes severe muscular dys- 
trophy, are lost in the DMD sarcolemma raised a 
serious question concerning the efficacy of the po- 
tential therapies for DMD, such as myoblast trans- 
fer therapy^*^'^'*^^ or dystrophin gene ther- 
apy i.2s,«,ts.w The success of such therapies wiU 
depend not only on the replacement of dystrophin 
but also on the restoration and stabilization of the 
DAPs in the sarcolemma* Since dystrophin can 
properly localize to the sarcolemma! region with- 
out interaciiun with the DAPs as described above, 
localization of dystrophin to the sarcolemmal re- 
gion after these therapies does not necessarily 
mean that all of the DAJPs are restored in the sar- 
colemma. 
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FtQURC a Immunobiot analysis of dy^trgphin and the dyQtrophln-associatod proteins in skeletal muscle membranes from 
normal mou$d (l^e 1). mdx mouse iransgenle for the furi-filze dystrophin Qena (lane 2), and nonlrendgenfc mdx sibling (lena 9).^ 
Dystrophin and the dyelrophln^associated proteins are restored to approximately 4(H«0% of the normal level in this transgenic 
mdx mouse. 



Recently the autus of the DAPs was analyzed in 
mdx mice transgenic for the fuU-size dystrophin 
gene.** All of the DAPs were restored in the sar- 
colemma of dystrophin-poskive muscte fibers, 
while the DAPs remained reduced in dystrophin- 
negative fiben, in transgenic mdx mice. Both im> 
munohistochemicai and immunobiot analyses 
demonstrated a ^ood correlation between the level 
of restoration of the DAPs and the expression of 
dystrophin (Fig. 6).^ The results suggest that the 
gene transfer therapy of dystrophin could be ef- 
feccive in restoring all components of the DGC 
and, presumably, in correaing the molecular de- 
fects. Immunochemicai analysis of the Status of the 
DAPs in the sarcolemma will be useful for the eval- 
uation of these potential therapies. 

Another intriguing therapeutic approach for 
DMD is the utilization of a protein which could 
substinite for dystrophin in skeletal muscle. One 
such candidate is utrophin as described above. If 
the expression of utrophin could be upregulaled 
by a genetic or pharmacological manipuiauon in 
DMD muscle, at could be beneficial for the preven- 



tion of muscle degeneration. A similar therapeutic 
approach was reported for the ^-globin diseases.^^ 
Buiyrate, a tiatural fatty acid which is known to 
stimulate the synthesis of the fetal isoform of 
globin (-y-globin), was intravenously administered 
to patients with ^-globinopathies.^^ Both the pro- 
portion of reticulocytes producing hemoglobin F 
and the level of 7-globin mRNA increased in re- 
sponse.''^ These findings suggest that pharmaco- 
logical agents which stimulate the expression of 
utrophin could have potential therapeutic value 
for DMD. 
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Dystfophln-asaoclated proteins (OAPe) are claesified Into a few groups, namely, those coitiprlslng of 
2r<!^?J'^^^ '''^"'5"' syntrophln complex and others. Subsari)lemmal actin filanSnts 

ate connect^ to lamlnin Jn the basement membrane through dystrophin and the dystroglycan complex This 
system ^^nttton to protect muscle fibers from mechanical damage. FurthermoS; th^arcciS^Iii^^^^^ 
. IS associated with the system. Defects in the components of the protection system or the sarcMlycan comolex 
or both are eharacteristically found in various muscular dysh^phies. The rales of the syntrophln complex are 
meagerfy urKierstood. In this review, the posalble roles of lamlnin, DAPs and dystrophin In each dystrophy 



INTRODUCTION 

In addition to interest in dystrophin, defects of which give rise 
lo Ducfaenne and Becker muscular dystrophy (DMD and 
BJi4D, respectively), miuch interest of researchers into muscular 
dystrophy has recently focused on dyslrophin-associated pro- 
teins (DAPs) (I), defects of which result in various muscle 
dystrophies. The purpose of die present review is to understand 
dK! dystrophic changes in muscles in relation to DAPs. 

MOLECULAR ARCHITECTURE OF 
DYSTROPHIN AND DAPS 

Dystrpphln-assodated proteins 

WJien dystrophin, a long, slender protein present in the 
subsarcolemmaj cytoskeletal network, 15 solubilized from sar- 
colenunal fraction with a detergent, digitonin, it has been 
found to be associated with several proteins. At fim. these 
DAPs were considered to be a single unit forming an oligomenc 
complex. However, they were revealed to be comprised of 
diroe complexes and classified as follows bofli biochemically 
and padiologicaHy (2; for odier references see below; see also 
Fig- 1). 

L Glycoprotein complex 
A. Dystroglycan complex 

a-dystroglycan (156DAC) 

P-dystroglycan (43DAG) 

These arc translated from a single mRNA (human gene 
locus: 3p21) as a 97 kDa protein which is dien processed into 
two peptides (3) which are closely associated (2). They ai^ 
ubiquitously expressed in various tissues. 



B. Sarcoglycan complex 

adhalin (50DAG; 17q21) (4^) 

A3b (2) 

35DAG 

The sarcoglycan complex is expressed specifically in skeletal 
and cardiac muscles (7,8). 

n. Syntrophin complex 

a-S)^fttrophin (59DAP) 

Fairly muscle-specific (9,10). 
Pl-syntrophin (59DAP: 8q23-24) (11) 

Rdxhtr ubiquitously expressed (II). 
P2-syntrophin (59DAP: I6q23) 

Localized at the neuromuscular junction (9,12). 
AO 

in. Unclassified 

A5 or 25DAP and others 

A3b (43 kDa protein) and 43DAG (p-dystroglycan) have 
similar molecular ma$ses but different isoelectric points, pep- 
tide maps, immunoreactivities, complex formation patterns, 
and tissue distribution patterns (2). Despite these differences, 
tisey are sometimes mixed up (13). 

Basal lamina 

The basal lamina is composed of a network including colli^en 
fibers, laminln, entactin/nidogen, and heparan sulfate proteo- 
glycans. Forming a thick sheet, it covers each muscle fiber in 
close contact with sarcolemma and serves to protect the fibers 
from mechanical damage. In many loci cootsponding to 
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coscameies, the basal lamina is fixed with sarcolemma and the 
two do not slide against each otber. 

il^strophtn-axis 

a-dystroglycan, an extracellular protein, binds to laminln 
probably via its Sugar chains (14) (Fig. 1). Laminin is a 
(Component of the basal lamina comprised of three subunits (Z, 
|i and y. The a subunit binds to a-dystroglycan. In mo^a 
iiegions of the basal lamina of muscle fibers. laminin 2 (a2piYl) 
is present. 

a-dystroglycan also binds to ^^ystroglycan (2)» a tiansniem- 
branous protein (4). Inside the ceU, ^-dystroglycan, in turn, 
binds to the cysteinc-rich domain and the first half of die C- 
terminal domain of dystrophin which are coUectively called 
ihe dystxoglycan-binding domain (D-domain) (Fig. 2) (15,16). 

At their N-cerminal Tegions, dystrophin molecules bind to 
actin-iilaments which are abundandy present as components 
of the cytoskeleton which forms the subsarcoiemmal undercoat 

In short, there is a connecdng axis anchored by laminin 
between die subsarcoiemmal cytoskeleton and extracellular 
matrix, which is tentatively called the 'dysirophin-axis' (actin- 
dystrophin-dystroglycan complex; Fig. 3; normal). The axis 
present at costameres on the sarcolemraa may, therefore, 
serve to construct a cell-matrix adherens juncdon to fix the 
sarcolemma to die mechanically tough basal lamina forming 
a protection system for the sarcolemma. llxere is no evidence 
which suggests that the sarcoglycan complex and syntrophin 
complex directly contribute structurally to the axis (16). 

Utrophin. a dystrophin homologuc, has actin-binding (A) 
aad D domains (Fig. 2) highly homologous (80% at die amino 
a::id level) to those of dystrophin (17), and also binds to actin 
(18) and probably to the dystroglycan complex (19) at A and 
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Figm 2y A TOW model of the donudil Oi^anizEilion of dysirophm. The lop 
bar denotes dystrophin with the origiiud nOmcDclaiuic of ihe domains. The 
bottom bar denotes dystrophin with die itvised domaiii border and domain 
names (revised from ref. 21). 

D domains, respectively. Hierefoie^ it is likely that utrophin 
and these proteins fonn a *utrophin-axis' in various cells 
(acdn-utrophin-<lystroglycan complex), as utrophin and die 
dystroglycan complex arc expressed in various cells as well 
as actin and laminin 1 (al^lyl). In addition, the uttophin-axis 
may be fonned in DMD muscle. 

Sarcoglycan complex 

The sarcoglycan complex, which is a complex of membrane- 
integrated proteins (2.4,6,20), is considered to be fixed to the 
dystiophin-axis by lateral associadon widi the dystroglycan 
complex (15J6) (Fig. 1). The exact binding site of the 
sarcoglycan complex to dystroglycan complex* however, has 
not been identified. The cDNA of adhalin was cloned and 
shown to include a region coding for a tiansmembrane domain 
(4,6). The cDNAs of die otfier two proteins have not been 
cloned. 
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The fiiactions of the sarcoglycan complex are not known, 
although crucial roles in die pathogenesis of muscular dys- 
trophy have been suggested. 

Syntrophin complex binding to dystropJUn 
The syntrophin complex (13) binds to the second half of the 
C-terminal domain of dystrophin (S-domain, Fig. 2). More 
precisely, a-syntrophin binds to amino acid positions from 
3444 to 3494. a region corresponding to the 3'-half of exon 
7? and 5'-haIf of exon 74 (21.13). and AO and/or 
syntrophins bind to the 3'-half of exon 74 and 5'-half of exon 
75- (21). The binding site of Pl -syntrophin more exactly may 
be restricted to exon 74 (22). These loci coircspond to the 
spUce-pronc region of dystrophin. 

No study on die interaction of syntrophin complex widi 
other DAPs has been published. 

VARIOUS MUSCULAR DYSTROPHIES 
WHICH AFFECT THE BASAL LAMINA. 
DYSTROPHIN-AXIS AND SARCOGLYCAN 
COMPLEX 

Recent studies have shown dial defects in components of the 
basal lamina, dystrophin-axis and/or sarcoglycan complex 
cause the dystrophic changes in muscle. Each defect gives rise 
to a somewhat different pheootype. 

Lesions of protection system 

Dysmphin-axis lesions. Very recently, it was reponed that 
Pp71 expression in muscles of transgenic mdx mice did not 
result in alleviation of the dystrophic phenotype (23,24). These 
mice have a nonsense point mutation in the rod domain of 
the DMD gene and lack dystrophin. Thus, mdx muscles 
undergo dystrophic changes. Dp7l molecules aze a product of 
the DMD gene but are composed almost exclusively of D and 
S domains (25; Fig. 2). Although Dp71 molccuJes, when 
overexpressed in mdx mice, are localized at the saicolemma, 
and dystroglycan complex and sarcoglycan complex are 
restored, pathological findings of muscle and creatine kinase 



activity in serum remained unchanged. As Dp71 molecules do 
not have A domain and do not biiul to the actin filaments, 
the dystrophin-axis remains separated at die dystrophin-actin 
juncdon (Fig. 3), 

It was once reponed that P-dystroglycan is absent in 
Fukuyama type congenital muscular dystrophy (FCMD), based 
on immuttohistochemical data (26), However, this was later 
shown not to be the case (27). Rirthennore, the locus of the 
responsible gene of FCMD has been confined to 9q31-33 
(28,29) which is different from die dystroglycan gene locus 
(3p21). A moderate decrease in laminin 2 was reported in 
FCMD (30). ^ 

Lesions of basal lamina. Congenital muscular dystrophy 
(CMD) is a collective name of muscular dystrophies probably 
due to defects in various genes. Among diem, diere is a group 
m which the a2 subunit (also called merosin) of laminin is 
absent with an increased expression of the al subunit in 
skeletal muscle basal lamina (31) (merosin-negative CMD; 
Fig. 3). Defects of dystrophin, the dystroglycan complex and 
the sarcoglycan complex are not observed. The arohitecnirc of 
basal lamina and connection of the dystrophin-axis with 
laminin may be Incomplete. In other words, the protection 
system may be weakened and the dystiophin-axis may not be 
fiilly functional. This defect of merosin seems to be primarily 
responsible for the muscle necrosis observed in this disease, 
because the gene locus of the a2 subunit is localized at 6q23^ 
23 (32) and die causative gene locus of mertjsin-negative 
CMD is confined to a region 16 cM from 6q2 (33). 

In the <iy mouse, a defect is located in the a2-gene (34) and 
the ct2-subunit is missing (35,36). Aldiough al-upregulation 
has not been examinedL similar changes may be present in this 
case to diose in the cases of merosin-negative CMD. 

Lestons of sazcog^can complex or sarcoglycanopatliy 

Severe childhood autosomal recessive muscular dystrophy 
(SCARMD) is a disease which is symptoraatologically and 
padiologically very similar to DMD (37). This disease was 
found in Magreb countries in North Africa (3839), but later 
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repofted to be present in various American (40), Asian (41,42) 
and European (43) countries. Immunohistochemically, 
SCARMD was originally defined as adhalin (50DAG) defi- 
ciency (38), in which dystrophin and the dystroglycan complex 
are present at nonnaJ levels. It became clear that SCARMD 
is not a genetically homogeneous disease, but a group of 
muscular dystrophies with similar phenotypes caused by the 
damage to different genes (40,44). Linkage analysis revealed 
that some cases are linked to chromosome 13ql2 (45-47) and 
another to chromosome 17q (5). Odier cases are not linked to 
cither of them- As the adhalin gene is located at 17q21 (6), it 
is probable that the familial cases of SCARMD which sho«^ 
high probability linkage to 17q are due to primary adhalin 
deficiency. In such a family, point mutadons were discovered 
in the adhalin gene (5). However, whether these mutations are 
of pathological significance has not been elucidated. 

Meanwhile, it became clear that in SCARMD, all cou^wn- 
ents of the sareoglycan complex, namely, adhalin, A3b and 
35DAG, are absent (Fig. 3), although dystrophin and the 
dystroglycan complex are present at almost normal levels 
(48). Presumably, when any one of the components of the 
sareoglycan complex is absent, the complex may not be fonned 
and loss of entire components may ensue resulting in the 
SCARMD phenotype developing independentty of any mech- 
anism involving the primary gene defect. Therefore SCARMD 
can be collectively called sareoglycanopathy. In some cases, 
however, only A3b is present to some extent at the sarcolemma! 
A3b might be fixed in the absence of other two. 

In some cases of the advanced stage of SCARMD (41,49), 
the pi subunii of laminin is replaced by P2 (s-laminin) which 
is exclusively expressed in the trough of the secondary furrow 
of the neuromuscular junction in normal muscle. This replace- 
memt may not necessarily lead to weakening of the anchor site 
of the dystrophin-axis, as laminins 3 and 4 (al|J2yl and a2 
p2 yl, respectively) are present at the mechanically unstable 
loci of the furrow. 

In any case, it is still premature to describe conclusive 
features of SCARMD both genetically and phenotypically, 
because the number of the patients examined is still limited! 
More cases must be examined. in detail to increase our 
understanding of SCARMD (50,51). 

The hamster with autosomal recessive muscular dystrophy, 
which was at first reported as selective loss of adhalin (52), 
has been proved to have entire defect of the sareoglycan 
complex (53). Although the primary gene defect of the dys- 
trophic hamster has not been identified, the dystrophic hamster 
can be considered as an animal model of SCARMD. However^ 
we must be cautious because the phenotypes of SCARMD 
and hamster dystrophy are different. Skeletal muscle is pre- 
dominantly involved in SCARMD, whereas cardiac muscle is 
predominandy involved in the hamster dystrophy. 

Componnd lesions 

The subsarcolenmial undercoat of DMD muscle is deficient in 
dystrophin. "ITiis is probably because defective dystrophm 

is digested. 

In DMD, dystroglycan complex expression was reported to 
be drastically reduced to less than 10% of die normal level, 
as has been reported for other DAPa by Campbell's group 
(54,55). However, Ozawa*s group reported that the dystro- 
glycan complex is reduced but fairly well preserved (56,5 7). The 
faa die expression of uirophin, which binds to die dystroglycan 



complex, is opregulated in DMD and utrophxn is fixed at ibt 
sareolemma (58,59), indicates (he dystroglycan complex is 
required for die fixation. Therefore, die dystroglycan complex 
must be present in DMD muscle in an amount corresponding 
to that of utroiAin, Tlie dystrophin-axis may be lost and to 
some extent replaced by the utrophin-axis in DMD (Fig. 3), 
We do not know die difference in the mechanical strength of 
die dystrophin-axis compared with diat of die utrophin-axis. 
However, it should be noted diat die dystrophin-axis is present 
in muscle cells, which are finequendy subjected to strong 
mechanical stress, whereas the utrophin-axis is present in 
various cells which are generally not subjected to such stress. 
Therefore, dystrophin-axis may be stronger than utrophin-axis. 
In any case, die protection system becomes weaker in DMD 
than normal. 

Sareoglycan complex expression is greatiy reduced in DMD 
(5447) (Pig. 3). This may reflect the fact that die utrophin- 
axis is present in non-muscle cells where die sareoglycan 
complex is not expressed (7,8) and may not bind to the 
sarcoglj/can complex so firmly as die dystrophin-axis. The 
effects Of sareoglycan complex deficiency in die formation of 
DMD phenotype must be emphasized, as DMD and SCARMD 
are phenotypically very similar. 

DMD is a compound lesion due to disruption of die 
dystrophin-axis, which is partially replaced by the utrophin- 
axis, and loss of the sareoglycan complex. 

In BMD, the dystrophin rxxJ is shorter than normal in most 
cases (resulting from a deletion of die DMD gene) or longer 
in odiers (resulting from duplication of die DMD gene), but 
the dystrophin molecule has intact A, D and S domains (Fig. 
3). The presence of the D domain may ensure the binding of 
dystrophin to the dystroglycan complex (15,16) and that of 
die A domain, the binding of dystrophin to die actin filament 
(60-62). Even severely truncated (63,64) and elongated dystro- 
phin may connect the dystroglycan complex and die actin 
filaments. 

In BMD muscle fibers, tlie dystrophin-axis is present, the 
amount of dystrophin is sometimes decreased and utrophin 
expression is upregulated (59). DAPs are present to some 
extent (65). ITius, the dystrophm-axis is reduced in number, 
but fairly well preserved. These observations may be compat- 
ible with the classical findings that the severity of symptoms 
in BMD is independent of the size of the dystrophin molecule 
but dependent on the amount of dystrophin molecules present 
(66). Reduction of the dystrophin-axis may result in reduction 
of die sareoglycan complex. Tins indicates again diat BMD is 
a compound lesion similar to DMD. 

Lesions of syntrophin ccmiplex 

At present \he pathological significance of die syntrophin 
complex expression is not known. Studies of the deletion of 
its binding site in patients gave die conflicting results (67,68). 

Much more research must be carried out using various 
techniques to confirm what we have assumed above. However, 
at present, we consider that defects in the basal lamina and its 
fixation system, namely die dystrophin axis, and also in the 
sareoglycan complex are manifested as muscular dystrophies. 
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